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FOREWORD 1

This report was orepared for the United States Air Force by the United
Aircraft Research Iatoratories, East Hartford, Connecticut.

The work reported herein was performed by the United Aircraft Research
Laboratories under the sponsorship of the Air Force Flight Dynamics Labora-
tory, Air Force Systems Command, Wright-Patterson Air Force Base, Ohio. The
research was conducted under Subcontract S-72-4% to Calspan Corporation
(formerly the Cornell Aeronautical Iaboratory) as part of Air Force Contract
F33615-71-C-1722, Project 643A. The AFFDL project engineer was
Mr. Terry Neighbor (AFFDL/FGC) and the Calspan project engineer was
Mr. Devid Key.

This technical report was submitted by the suthor 'in June 1973. It is
also published as United Aircraft Research Laboratories Report M911287-15.

This technical report has been reviewed and is approved.

éﬁ. West oot

Chief, Control Criteria Branch ‘
Flight Control Division '
Air Force Flight Dynamics Iaboratory '
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ABSTRACT

Fixed- and moving-base flight simulator experiments and analyses were
conducted to provide data for use in substantiating, refining and extending
the hovering and low-speed-flight portion of MII-F-83300 - V/STOL Flying
Qualities Specification. For longitudinal and lateral control, the follow-
ing areas were investigated: turbulence intensity, control lags and delsys,
control-moment limits, control moments through stored energy, inter-axis
motion coupling, independent thrust-vector control and rate-command/attitude-
hold control. For height and directional control, the effects of damping
levels, control lags and delays, and control power limits were investigated.
Opinion ratings, pilot comments, and pilot-selected control sensitivities
were recorded in the flight simulator experiments; control-power-usage data
were also obtained.

The resulis indicate that the MIL-F-83300 Ievel 1 requirement for V/STOL
dynamic response prcvides aircraft dynemics which remair ~~mtrollable for
nominal increases in gust intensity. The specification appears to genersily
exclude pitch and roll control lags, and lags in thrust response, which cause
unsatisfactory flying qualities; it edmits lage for which pilot opinion does
not deteriorate. However, it also excludes dire.tional control lags which do

_not degrade opinion. The results fHurtker indicate that the specificaticn for

installed control moments provides levels which are satisfactory but ot
excessive, Control sensitivities selected by the pilots also generally fall
within the boundaries specified, but are much closer to the lower limit than
to the upper. ¥Finally, data from the height control study show that minimum
Z; levels of -0.25 to ~0.35 are necessary for satisfactory flying qualities

with unlimited T/W.

Results for unconventional control techniques evaluated indicate that
rotor-propulsion system stored energy can be used to offset limitations in
installed control power. Independent thrust-vector control can be used for
hovering and maneuvering when properly implemented. Rate-command/attitude-
hold control does not appear to provide benefits for hover and low-speed

flight.

The excesdance data show that speed stability and damping are the
configuration parameters having the greatest effects on control power usage.
Coatrol system lags have little effect on pitch and roll control-moment
usage, but they increase yaw control-moment and thrust usage somewhat. The
largest amounts of control moment were used for the quick stop task; the
smallest amouncs were used for hover and turn-over-a-spot. The data indi-
cate that the installed total moment for pitch plus roll control must be
sufficient to nccount for simultaneous usage by the pilot; it cannot be
assumed that pilots meke independent pitch and roll control inputs.
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SECTION I

INTRODUCTION

A specification for V/STOL aircraft flying qualities, MIL-F~-83300, hes
recently been deveiloped under Air Force sponsorship (Ref. 1). It is hased
on the results of an extensive evaluation of previous V/SIOL flying queli-
ties studies as well as the findings of recent experimental and analytical
research funded by the Air Force. Most of the latter was conducted as part
of tne VTOL Integrated Flight Control System (VIFCS) program. The specifi-
cybion and its supporting documentation provide guidance in the design of
V/STOL aircraft conbrol systems as well as a standard for flying qualities.
They also are the culmination of reseaprch which represents a major advance
in the understanding of V/STOL flight characteristicc.

Additional research is required, however, in the V/STOL hover and low-
speed flight regime. In particular, general information is needed on
requirements for installed control power, i.e., control moments and thrust-
to-weight rabtio. Providing sppropriate levels of control power for hover
and low-gpeed flight is a critical part of the design of V/STCL aircraft.
Despite its importance, there are little general data available which relate
flying qualities to installed control. power (Refs. 2 through 4). A related
factor which has received almost no attention is the incremental control
moment or thrust which can be obtained from rotor-propulsiocn system stored
energy. By temporexiiy converting e pert of the rotor-propulsion system
angvlar momentum to control power, it is possible to supplement the ia-~
stalled controi powers. Other general areas which should be investigated
fwrther are control legs and delays and inter-axis motion coupling. Motion
coupling in particular has not been given adequate attention. Control and
rate coupling, for example, exist to some degree in almost all V/STOL air-
craft and their effects can .rad to a significant degradation in fiying
quelities. In general, howeve., the specification trests motion coupling
only quelitatively.

An uncertainty also uvxists over the level of height velocity dauwping,
Z,, needed for satisfactory he.ght control characteristics. MII~.F-83300
indicates that height control. will be satisfactory providing that Zyy is not
positive, i.e., not destabilizing. Results which support this contention
can be fourd (Ref. 5), but date which indicate a requirement for & signifi-
cant level of negative Z; are also availeble (Refs. 6 and 7). The height
control. portion of the specification also assumes that e tradeoff exists
between the level of helght velocity damping present in the aircraft and
the required installed thrust-to-weight ratio. Altkhcugh there are results
vwhich support this assumntion, it merits further substantiation. Finally,
MIL-F-83300 would be more useful if its scope could be extended to encompass
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sowe unconventional V/STOL control systems. The specifications may already
apply to many aspects of hover and low-speed flight with such systems.
However, its limitations in this regard are not known and it would be bene-
ficial to examine V/STOL flying qualities with several unconventional systems
that might be used on future aircraft. Examples of these types of sysbems
are rate-command/attitude-hold or "stick steering” control and thrust-

vector control independent of aircraft attitude.

The study descrlbed in this report provides additional information on
the hovering and low-speed flying qualities of V/STOL aircratrt, The objec-
tive of the program wes to provide experimentel flight simulator date and
analyses which will be used to substantiate, refine, and extend the hovering
and low-speed fligh* portion of the V/STOL Flying Qualities Specification,
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SECTION II

BACKGROUND OF EXPERIMENTAL PROGRAM

This section contains a description of the studies conducted .sing the
UAC V/STOL Flight Simuletor snd a discussion of the equipment and procedures
used in the experimental progrem. Most of the equipment and msny of the
procedures used for the experimental studies were similar to those described
in Refs. 7 and 8. Also, the flight simmlation for this study wes designed
to correspond as closely as possible to that implamented at Norair for their
yrevious VIFCS study (Ref. 9). Table A-I is a summary of parameters for
cases evaluated and a key to tables in Appendices 4, B, C and D that are
tabulations of all the data discussed in Sections III through V. Additional
deteils of the flight simulation are contained in Appendix F.

A, Flight Simlator Svudies

The experimental program was designed to provide data to substantiate,
refine and extend the hovering and low-speed flight portion of the V/STOL
Flying Qualities Specification. It included studies of longitudinal and
lateral flying qualities, height control and directional control. BEmphasis
was placed on obtaining information related to requirements for installed
control power. The data obtained generally consisted of pilot opinion

racings, pilot-selected control sensitivities end measured control moment
and/or thrust usage.

1. ILongitudinal and Iateral Control

There were seven different investigations conducted in this part of the
program. They were concerned with the effects of (1) turbulence intensity,
(2) lags and delays in the response to control inputs, (3) limits on the
available control moments, {4) incremental pitch control momeat through
stored energy, (5) inter-axis motion coupling, (6) thrust-vector control,
independent of aircraft attitude, and (7) rate-command/abtitude-hold con-
trol. Six basic V/STOL configurations were selected. A range of values of
the parameter being considered wes then evaluated for each basic configura-
tion. Also, longitudinal and lateral contreol were generally evaluated
together; only one pilot opinion rating was given for a test case, and this
represented the pilot's assessment of the combined longitudinal and latersl
flying qualities. In ecdition, control moments were effectively "unlimited"
and pitch, roll and yaw ..ritrol-moment usasge was measured for each study,
unless noted otherwise,
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a. PRagic Configurations

The six basic configuraticns had conventional rate and attitude sta~
bility augmentation, and each was similar to configurations evaluated in
the previous Norair and UARL studies (Refs. 7 through 9). They also were
symmetrical in that each lateral stability derivative had the same value as
tae corresponding longitudinel derivative. The directional and vertical
stability derivatives were the same for all six configurations. Table I
lists their stability derivatives and root locations; roots are also plotted
in Fig. 1. Tt 3s apparent that the basic configurations span a wide range
of dynamic response characteristics. They encompass all three of the levels
(1, 2 and 3)* used to characterize aircraft flying qualities in MIL-F-83300,
in addition to exhibiting a range of responses to turbulence.

TABLE I

STABILITY DERIVATIVES AND ROOT LOCATIONS FOR UARL BASIC CONFIGURATIONS

1,2
Stebility Deri ’ i
Conf. Level ity Derivatives Root Locations

. Real .

s % "y g Root '(:wni 3y
BCl 1 0.33} -0.05 | -1.7{ -b.2 | -0.13 | -0.81% j 1.85
BC2 2 1.0 -0.05 | -1.1 | -2.5 | -0.5 -0.30 = j 1.47
BC3 3 1.0 -0.05 -2.0 0 -2.2 0.08 = j 0,68
BCh 1 1.0 -0.20 { -3.0 | -1.7 | -2.5 -0.35 £ j 0.6k
BCS 1 0.33! -0.20 { -1.7}{ -%2 | -0.29 | -0.81 % j 1.85
| BCO 2 1.0 } -0,20 | -1.1 | -2.5 | -0.65 | -0.32* j L.48

1. Symmetrical configurations - lateral derivetive has same velue as
corresponding longitudinal derivatives.

2. Directional derivatives for all configurations: N, = 0.002, N, = -1,
Nj,. = 0.20; Vertical derivetives: Z = -1, Z5 = -3.2, T/W > 1.15.

*Tevel 1 flying qualities are "clearly adequate for the mission"; Level 3
are such that the "aircraft can be controlled safely but pilot workload is
exressive or mission effectiveness is inadequate, or both"; and Level 2
flying qualities lie between these extremes.
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Configurations BCl, BCh and BC5 are Ievel 1, but BCh exhibits a larger
attitude response to turbulence (Mg = -L,g = 1.0) than BCl and BC5
(l'hg =Ly = 0.33). Alse, BCt and BCS5 have greater position responses
to turbulence than BCL (X, = ¥, = -0.20 versus X, = ¥, = -0.05). Configura-

tions BC2 and BCH are Level 2 with large speed-stebility parameters. This

feabure, combined with the lower levels of damping, results in significant
attitude disturbances due to gusts. Configuration BC6 also has the large
drag parameters and the attendant large position responses to turbulence.
Finally, configuration BC3 is ILevel 3 with lightly demped dynamics, large
speed-stability parameters (Myg = -L,g = 1.0), and large attitude distur-
bances from turbulence. It is important to note also that all of the rate
damping and attitude stabilization represented by these derivatives in
Teble I (i.e., Mys Mg and their lsteral, vertical and directional counter-
parts) was assumed to be provided by a stability augmentation system (SAS).

b. Turbulence Intensity

This study was conducted to provide information on the sensitivity of
aireraft with different level flying qualities to changes in turbulence
intensity and to obtain control-moment usage date., The flying qualities of
Level 1 aircraft should be somewhat insensitive to gust level. That is, the
MIL-F-83300 definition for V/STOL Level 1 dynamic response must be formulated
such that flying qualities remsin acceptable for commonly encountered turbu-
lence intensities. Greater deterioration in flying qualities would be ex-
pected for Ievel 2 and 3 aircraft. Bach of the six basic configurations
was evaluated at three levels of rms longitudinal and lateral turbulence
intensity, g, =0y, = 3.4, 5.8 and 8.2 ft/sec. The wind similation also
included a mefin wind Up = 10 kt (~17 £t/sec) from the north. Note that
only for this study were rms turbulence intensities other than gy = Oy =
3.k f‘t/sec evaluated. For the rest of the program the wind simulation %on-
sisted of oy = 0y_ = 3.4 £i/sec and Uy = 10 kbt. Details of the wind simu-
lation are d%scrib%d in Seetion II.B.1.

c. lags and Delays in Attitude Response to Control Inputs

Pitch and roll control lags and delays were evaluated to test the
adequacy of ‘the MIL-.F-83300 specification for such effects (paragraph 3.2.4,
Ref, 1). These lags and delays only operated on the pilot's control stick
inputs, i.e., the stebility augmentation system (SAS) commands were not
affected. The location of the lags and delays in the pitch attitude control
loop is shown schematieslly in Sketch IT-A. The implementation was ildenti-
cal for.the roll lcop, In the specification pitch, roll or yaw lags and
delays are presumed to be within acceptable limits if the time o reach the
initial maximm angulazr acceleration is no greater than 0.3 sec. To span
this requirement with both acceptable and unazceptable values, first-order
1ags having time constdants of 0.1, 0.3 and 0.6 scc were evaluated for each
bagic configuretion. Also, the longitudinal anc lateral lags were always

I
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SKETCH II-A. Iocation of Iags and/or Delays Simulated
in Pitch Response to Control Inputs

equsl (1e = 'ra) for a given test case. In addition, pitch and roll moment
delays, dg = dg, of 0.1 sec were evaluated with and without a combined first-
order lag of 7y = T, = 0.3 sec. Configurations BCl and BC2 were used for
these test cases. The effects of second-order control lags were also inves-
tigated with configuration BCL to further test the specification. The signi-
ficance of amplitude versus phase effects was examined by varying the damping
ratio and natural frequency of the second-order lags.

G. Limits on Available Control Moments

The purpose of the control-moment-limit study was to investigate the
effects of aircraft configuration and control system parameters on the total
control moments (i.e., moments commanded by the pilot and the rate damping
and attitude stabilization derivatives or SAS) necessary for pilot accep-
tence, Another objective was to examine whether these required installed
control moments correlate with the control moment levels exceeded some given
small percent of the time with unlimited moment aveilable, e.g., the 5-per-
cent level. Informstion on the adequacy of the MIL-F-83300 specification
for pitch, roll and yaw control power (paragraph 3.2.3.1) was also provided
by comparing it with the results of this study.

Configurations BCLl, BCh, BCS and BC6 were considered initially without
control lags or delays. Three to five levels of available total control
moment were evaluated for each configuration, and pilot opinion ratings
were used to indicate the sufficiency of the levels. Pilots were not aware
of the control-moment limits except as they affected flying qualities. The
moment limits were applied on an analog computer, not to the physical con-
trol stick motion and the meximum control travels gvailable were such that
the limits would always be exceeded if the maximum travels were used. The
control moment versus moment command charachteristics simulated in the moment
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limit study for pitch, roll and yaw control are shown in Sketch II-B. Note
that the moments available in the pitch, roll or yaw axes were never identi-
cael. The reference limits or starting points for the installed control-
moment levels (pitch, roll and yaw) were averages of those levels exceeded
5 percent of the time (CM5) with unlimited moment available. The limits
for the remsining test cases were developed by increasing (or decreasing)
the reference levels by integral multiples of 10 percent.

Control
| Moment
Maximm
Moment
Aveilable

/

Total Moment
Command

SKETCH II.B. Pitch, Roll or Yew Control Moment Versus
Total Control-Moment Command Character-
istics for the Moment Limit Study

The effects of control-moment limits were next evaluated with control
system lags and delays present. Configurations BCL and BCS were used with
pitch and roll response delays of dg = dg = 0.1 sec in combinaticn with
first-order lags of either 7, = 75 = 0.3 sec or 0.6 sec. The moment limits
evaluated and the procedures for this investigation were unchanged from
those for no control lags or delays.

e, Control Moments Through Stored Energy

Several types of V/STOL gircraft derive pitch a.nd.roll control moments
from cyelic a.nd/or collective changes of rotor system blade angles. Momen-
tary incremental control moments above the installed moment levels can be
obtained for such systems by abruptly increasing blade angles to values
larger tran the normal operating limit, Of course, the aircraft's power-
plant will be unable to maintein engine rpm at this large blade angle, and
rpm will decay. However, the brief increase in moment may be sufficient
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to ccmpensate for deficiencies in the installed control moments. This study
was undertaken to examine whether the stored energy in typical V/STOL rotor-
propulsion systems could be used to such advantage.

Feeliminary anslyses indicate that it may be possible to approximate
the control moments available frcm stored energy, Clgp, by

E%%L) + 0 (rpm)2 = Cy

0 (1)
CMgp = C3 (rpm)“

where coefficient C; is related to the blade drag, C, to the available engine
horsepower, and C3 to the blede lift coefficient. Also, coefficients C; and
C3 both change when the pilot moves his control stick. For this study,
stored energy effects were simnlated for piteh control moments only and a
linearized version of Eq. (1) was used to represent stored energy (Eg. (2)).

d d
A 3t (OMgg) + CMgp = 75 g% (ICommmnded Moment] - M ) (2)

In Eq. (2) the parameter T4 is the time constant associated with the stored
energy decay and M, is the steady-state or installed control woment. Also,
the maximm control moment increment available from stored energy is defined
as AM, ard the function (]Commanded Moment | - Mo, ) in Eq. (2) cannot Le
larger than AMc In addition, the stored energy 1ncrement was available for
both positive and negative control commands as indicated in Eq. (2). The
piteh control-moment step respoase for the stored energy study is shown in
Sketch II-C. The moment response shown there is similar to the maximum pitch
control moment the pilot e.nd/or SAS could command if a large, rapid control
input was made and sustained, The total moment available, then, consisted
of a continuously available installed moment, Me,, plus & transient term
which was excited if the magnitude of the total commend exceeded Me,. The
transient gave an abrupt increase related to the |Commanded Moment | - Mo
(up to the maximum increment of AM,) that decayed with time constant Ty e

Mey, and AM, ars considered to be positive functions in this discussion. The
increment from stored energy could be used at any time, but after it decayed
the pilot (and/or SAS) had to reduce the commanded moment and wait until the
stored energy simulation recovered (the recovery time constant was also T )e
This effectively simmlated the time it would take a propulsion system to
restore rotor rpm. A logic diagram illustrating the stored-energy simlation
is shown in Sketch II-D. Representative values for the increment and the
rpm decay (and recovery) time were determined from en analysis of the XC-142
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SK#Cil T7.D.  Schematic Showing Switching Logic for Stored
Energy Simulation

propulsion system., Tt appears that a moment increment of 30 percent of the
installed moment is possible with associated decay time constants of 74 =
0.05 and 0.10 sec. Values for Ty of as much as 0.2 sec may be possible for
helicopters becavse of the greater rotor-system inertia.

The effects on flying qualities of pitching moment available through
stored energy were investigated with the same basic configurations considered
in the control-moment limit study, i.e., BCl, BCh, BC5 and (6. The install-
ed piteh control mowent, M, for each configuration was set at a low level

il




which yielded unsatisfactory pilot ratings without stored energy effects.
A1l other instelled control moments were set at satisfactory levels, The
effects of the incremental pibtch conbrol moments supplied by stored energy
were then evaluated for different combinations of 4M, and 7,. Pilot ratings
were used to assass the effects of stored energy. As for the study of
conbrol-moment limits, the pilots were not aware of the limits on pitch
control powex except through aircraft flying qualities. Ccntrol-moment data
were not measured during the stored energy investigation.

f. Inter-Axis Motion Coupling

This study was performed to determine acceptable values of attitude rate
coupling (Mp and T.q) and control coupling (Mg, and Lje). An analysis was
conducted initielly to determine appropriate polarities and magnitudes for
these parameters. The sign convention used for the attitude rate coupling
(lv&) positive and Lq negative) was derived from a simple analysis of hinge-
less-rotor aerodynsmics. When the rotor tip-path-plane shown in Sketch II-E

X~-axis

SKETCH II-E. Top View of Rotor Tip Path Plane

undergoes pitch rates, one effect gives rise to net rolling moments. For
example, if piteh attitude is increased by a positive pitch rate, the
angle of attack of a blade in arc DAB will also increase, while that in
arc BCD will decrease, causing a negative rolling moment ( Iq negative).
Similarly, a positive roll rate (increase in roll attitude) results in a
positive pitching moment (Mp positive). Data in Ref. 10 indicate that rate
coupling levels ranging from M, = 0.3, Ig = -2.7 to My = 1.5, Iy = ~14 can
be present in uncompenssted helicopter control systems, depending on rotor
design.

The sign convention for control coupling can also be interpreted by
reference to Sketech II-E. The maximum control moment for an articulated
(hinged) rotor o .curs when the blade has moved an additional 90 deg after
a blade-angle (cyclic) change, i.e., the maximum pitching moment occurs at
point B if the blade angle is changed at A. Tor & hingeless rotor the

10




muXimm moment occurs after a smaller phese lag, e.g., somewhere in the

arc AB for a blade angle change at A. Therefore, a positive pitch control
input gives rise to a negative roll moment (Lé e< 0) and s positive roll
control command results in a positive pitch moment (Mg, >0). It should be
noted thet, with the sign conventions described, the effects of attitude
rate and control coupling ere additive. For example, & positive pitch con-
trol input yields a pesitive pitch rate and, since both Lq and I‘ée are nega~
tive, the induced rolling morents from both sources are negstive, However,
in tha flight zimulator evaluation of coupling effects, coefficients having
signs which resulted in cancelling moments (Lg<O, Lg,>0 and My >0, Mg, <0)
were also evaluated.

Configurations BCl and BC2 were considered in this study with rate
coupling levels of M = -Lq = 2 and 4 and control coupling up to Mda/Léa. =
I’ée/Mée = 0.50, The different types of coupling were evaluated separately
and in combination.

g. Thrust-Vector Control Independent of Aircraft Attitude

Independent thrust-vector control (TIVC) enables the pilot to maneuver
aircraft having large drag psrameters without large attitude changes. Also,
with TIVC, large aircraft can be maneuvered near the ground with a reduced
probability of tail strikes (and wing strikes, if lateral ITVC is also
available). Only longitudinal ITVC was investigated in this study and it
was implemented in two ways. In the first approach the longitudinal thrust
vector was rotated using a thumb switch which commended a constant rete of

rotation. Pitch attibude was controlled using the conventional control stick.

This technique for thrust-vector control was identical to the implementation
of the wing tilt (or thrust-vector) control which was used by the evaluation
pilots to trim the effects of mean wind acting through the longitudinel drag
parameter. The wing tilt cepability was available for all test cases eval-
uated in the UARL study. However, only for the ITVC study wes the pilot
permitted to use this device for general position control. The second methiy
of implementation involved proportional control of the thrust-vector angle
using the rontrol stick while pitch attitude was controlled with the thumb
switch., The thumb switch commanded a fixed rate-of.change of pitching
moment (Mpg). In general, the thrust-vector angle was displayed on the con-
tact analog display with & symbol thet moved vertically., Thrust-vector
angle was also displayed on the instrument panel. For some of the experi-
ments only the instrument panel display was used. Two ILevel 1 configurations
(BCL and BClh) and a Level 2 configuration (BC2) were used in the ITVC study.
These configurations provide a range of position response characteristics
with which to test ITVC. Configurations BCLl and BC2 have low drag param-
eters (Xu =Yy = ~-0.05) and, consequently, low position stability and low
position response to turbulence., Configuretfion BCYH has large drag parem-
eters wvhich give it greater position stability but also larger gust-induced
position disturbances. Attitude control moments were unlimited for this
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study and the thrust-vector angle could be rotated through +90 deg. Pitch
and roll control-moment usage and thrust-vector angle were measured in the
ITVC study.

h. Rate-Command/Attitude-Hold Control

The rate-command/attitude-hold or "stick steering” control system has
two significant attributes. First, it will hold trim abtitudes while allow-
ing the pilot to center the stick and, second, it provides a rate.command
control response for higher frequency control motions. A representative
attitude transfer function (pitch) for such a system is given by Eq. (3):

M
8y = Oe (3)
e s(s2 + s + wnz)

This transfer function can be obtained for a rate and attitude stabilized
V/STOL aircraft by integrating the control stick input to the attitude con-
trol system. This is the feature which enables the pilot to hold trim atti-
tude with no steady-state control input. The attitude stabilization must
then be increased to values which drive the real root of the sttitude dynam-
ics, i.e., the real root of the hovering cubic, towards zero, where it will
be cancelled by the first-order zero relecved to drag parameter. If the
natural frequency of the quadratic term in ZTq. (3) is then sufficiently
large, the transfer function 9/6e st and below the pilot's crossover fre-
quency (W, = 2.5 to 3.5 rad/sec, Ref. 8) will effectively be

\
%(S)z Mbe/s (h/

However, the dynamics still retain the attitude stabilization features. The
lead compensetion that mist be supplied by the pilot for pitch and roll con-
trol and, consequently, the longitudinal flying qualities of this control
system, are very dependent on the damping ratio, {, and natural frequency,
4, of the quadratic in Eq. (3). The rate-command/attitude-hold control
system for pitch attitude (and also roll) was implemented as shown in
Sketch II-F for this study.

For this study the basic longitudinal and lateral sirframe derivetives
of configurations BCl and BCY were used as a base and the rate damping (Mq,
Lp) and attitude stabilization (Mg, I;) parameters were varied to provide a
broad range of ¢ and Wy for the pitch and roll dynamics. The initial param-
eters chosen were based on a closed-loop analysis of the pilot-aircraft
dynamics., Values for ¢ and wy, that could not be obtained with simple
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SKETCH II-F. Implementetion of Rate-Command/Attitude-Hold Control

attitude and rate feedbacks were not :valuated in this study. Again, the
pitch and roll attitude dynamics were identical for each test case.

2, Height Control

The height control program consisted of four studies. They were con-
cerned with the effects on flying qualities of (1) height velocity damping,
Zy;s with effectively unlimited thrust, (2) the interaction between Z,; and
the installed thrust level, (3) thrust lags and delays, and (4) thrust
available through stored energy. The longitudinal, lateral epd directional
characteristics were defined by the basic configurations and are showm in
Table A-I. Pitch, roll and yaw control moments were effectively unlimited.
The date obtained consisted of pilot ratings, pilot-selected collective
control sensitivities and thrust usage. The measured thrust usage was made
vp of that which the pilot attempted to command, Zé x dcs and that actually

commnanded, Zécqj c * ng-w, where Zws is the height damping resulting from
stability augmentation.

a. Effects of Height Velocity Damping with Unlimited Thrust

This study was undertaken primarily to provide more information on the
minimum acceptable level of height velocity damping, Z,. The MIL-F-83300
specification (paragraph 3.2.5.4) assumes that Level 1 flying qualities for
height control can exist for Zy = O provided sufficient thrust is available
(T/W>1.10). A previous UARL study (Ref. 7) contains date which indicate
that a level of 2y ™~ -0.5 is necessary for satisfactory height control. A
secondary objective of the study was to measure thrust usage data with
effectively unlimited thrust-to-weight ratio (T/W>1.15). Levels of total
height damping, ZWT’ ranging from O to -0.8 were evalvated with configura-
tions BC1l and BCt. The total damping was assumed to consist of equal aero-
dynemic, Zy_, and stability augmentation system (sAs), Zyg»> components.
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b. Interaction Between Z, and Installed Thrust Level

The height control power portion of MIL-F-83300 (peragreph 3.2.5.1) is
based on the premise that increased height velocity damping reduces the
necessary installed thrust. The study described here was conducted to pro-
vide more information on this effect. Height control was evaluated with
configuration BCl for six or more levels of ZWT’ ranging from -0.1 to -0.5,
at each of three installed thrust~to-weight ratios (T/W = 1.02, 1.05, 1.10).
The T/W ratios considered are pertinent to the definition of level boundaries
for the height control power specificetion. Generally ZWT was composed of
equal parts of aerodynsmic, Zwa, and SAS, Zws: damping. However, the effects
of all Zy, or all Z; were also investigated.

¢. Thrust Legs and Delays

This investigation was designed to test the specification for thrust
magnitude control lags (paragraph 3.2.5.2). First-order lags vhich result
in height control response that spans the level 1 and 2 requirements (Th =
0.3 and 0.6) were evaluated with and without O.l-sec delays. These lags
and delays affected both the control and SAS thrust commands. Configuration
BC1l was used and several values of Zypps composed of equal Zygg, and Zy, com-
ponents, were simulated for each combination of control lag and delay. Also,
the installed T/W was limited to 1.05 for thic study.

d. Thrust Available Through Stored Energy

The effects of incremental thrust from rotor-propulsion system stored
energy were investigated using configuration BCl with height control cherac-
teristics thal were unsatisfactory without stored energy (ZwT = ZWs = «0,35,
T/W = 1,02). Two levels of incremental T/W representing momentary thrust
increases of approximately 15 percent and 30 percent, i.e., ATVW = 0,13 and
0.28, were evaluated with decay time constants of 74= 0.05, 0.1 and 0.2 sez.
Stored energy was sinulsted as described for pitch con%trol in Section II.A.l.e.

3. Directional Control

The three directional control studies investigated (1) the effects of
damping on flying qualities and control-moment usage, (2) control lags and
delays, and (3) limits on the availeble control moment. Two of the basic
configuretions (BCl and BC2) were used to represent V/STOL longitudinel and
leberal control characteristics. The height-control parameters for the
directional studies were as shcwn in Table A-I. Pitch and roll control
moments and thrust-to-weight ratio were effectively unlimited. Yew control
moments were also unlimited unless noted otherwise. Pilot ratings, pilot-
selected directional control sensitivities and pitch, roll and yaw control-
moment usage were recorded.
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a. Bflecus of Yaw Rate Damping

This study was conducted to provide acditional information on the rela.
tionship between yaw rate damping and flying qualities and to obtain control-
moment-usage data. Yaw rate damping values which spanned the Level 1, 2 and
3 specifications (paragraph 3.2.2.2), for directional damping (¥, = -1, -0.5
and 0, respectively) were evalueted for basic configurations BCl and BC2.
For all test cases Ny was 0.005.

b. Control Iags and Delays

The effects of directional control lags and delays were also investi-
gated to provide results with which to test the control-lag specification
(paragrsph 3.2.4). First-order control lags (which affected the pedal
response only) with time constauts 7y = 0.3 and 0.6 were evaluated with and
without 0.l-sec delays in control response. These laeg end delay combina-
tions were each evaluated at N, levels of -0.5 aud -1. Only configuration
BCl was used in this study and N; remained 0,005.

¢. Yew Control-Moment Limits

The levels of yaw control moment necessary for satisfactory directional
control were determined (1) to provide comparative results for the MIL-F-83300
control power requirement (paragraph 3.2.3.1) and (2) to evaluate the hypoth-
esis that accepteble moment limits correlate with a level exceeded some
small percent of the time for unlimited available moments. Configuration BC1
was again used in this study and N, remained 0.005. The yaw control-moment
limits considered were Ng, = 0.10, 0.13 and 0.16 and the effects of iucse
limits were evaluated for two values of Ny, -0.5 and -1.0. The smallest
limit considered, Ne, = 0.10, was based on yaw coucrol-moment date measured
in the turbulence study (Section II.A.1l.b). It was the average level
exceeded 5 percent of the time for the 3.4 ﬁ;/sec rms turbulence intensity.

B. Description of Simlation

1. Simlation of V/STOL Aircraft and Winds

The six-degree-of-freedom equations of motion for hovering and low-speed
flight were programmed on an analog computer. They were written using a
body-axis coordinagte system and were linearized assuming small perturbations
from hovering flight (Eq. (F-1), Appendix F; Refs. 7 and 8). Also, the angular
momentum effects of such spinning messes as propellers and jet engine rotors
were not considered. Products of inertia have also been assumed to be neg-
ligible and, with the exception of N,, derivatives which couple motion be-
‘tween axes were generally disregarded. Pitch and roll rate coupling and
control coupli-g were examined in one of the longitudinal and lateral control
studies, howevar . The wind simulation consiste” of a 10 kt (=17 i‘t/sec)

[
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meen wind from the north (000 deg true), U,, and turbulence which was intro-
duced along the aircraft x and y body axes. Turbulence was simulated by
passing the cubput of & random noise generator, which had a relatively uni-
form low-frequency power spectral distribution, through a first-order filter
with a break frequency of 0.3i4 rad/nec (Refs. 7 and 8). The simlated tur-
bulence then excited aircraft rotational and translational motion through
the sircraft speed-stability and drag pearameters and the yaw-due-to-lateral-
velocity paremeter (see Eq. (F-1), Appendix F). The turbulence intensity was
alvays equal in the x and y axes, and, in general, an rms level of cru

Ty = 3.4 ft/sec was used. With this turbulence intensity, the wind smula,-
tion tas the same as that used for much of the previous Norair study con-
ducted under the VIFCS program (Ref. 9). Turbulence intensity levels of

O'ug = Oy = 5.8 and 8.2 f§/sec were also considered in the study of turbu-
lence efiects.
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2. Flight Simlstion and Display

Fixed- and moving-base VFR flight simulations were used. For any given
study, the moving.-base simulstions were used to check selected fixed-base
data which had been previously obtained. Generally, about half the test
cases in a particular study were evaluated in the moving-base mode. The
same flight simulator used in the previous UARL VIFCS studies (Refs. 7 and

8) was also used for this program. A motion platform has been added to the
device, however (Fig. 2).

The simulator consists of a fully enclosed, two-place Sikorsky S-61
cockpit with a conventional instrument panel, a contact analog display for
VFR flight simulation, and the six-degree-of-freedom motion platform. The
control system for this simulation was made up of standard helicopter flight
controls plus a thumb-switch device which could be used to change the longi-
tudinal thrust-vector angle (or wing-tilt angle) and thereby trim the effects
of the mean wind acting through the longitudinsl drag parameter. The displey
(Fig. 3) is composed of a ground grid, horizon line, clouded sky and display
symbols. Attitude and coarse position informstion are obtained from the
motion of the ground grid, horizon and sky relative to a cross symbol which
represents the nose of the aircraft. The cross may either be the electronic
symbol shown in Fig. 3 or simply a marker physically attached to the screen
surface, For the independent thrust-vector control and height centrol
studies, the latter method was usged and the electronic cross was moved to
the right side of the screen to indicate thrust-vector angle and altitude,
respectively. Precise aircraft position and velocity information are ob-
tained from the motion of the square symbol which indicates & spot on the
ground., At the reference hovering altitude of 40 f£%, the dimensions of the
contact smalog screen represented & hover pad approximately 130 £t (longi-
tudinally) by 150 £t and the square symbol an avea about 9 ft on a side.
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Simletor motion is provided by coordinated movement of the six hydraulic
actustors on which the cockpit is mounted (Fig. 2). 'The stroke position of
each actw.tor, commanded in response to the simulation equations of motion,
is generally computed using hard-wired analog ecircuitry. A PDP-8 digital
computer is used to set control modes of the motion platform and to monitor
system performance. The simulator motion capabilities are summarized in
Table II. The amplitude of the motion-platform freguency response is flat
to beyond 1 Hz for each type of anguler (e.g., pitch, roll or yaw) or linear
motion. The phase lag for each type of motion is approximately 30 deg at
1 Hz.

TABLE IT

FLIGHT SIMUIATOR ANGUIAR AND LINEAR MOTION LIMITS

Anguler Motion Iinear Motion
Axis Atti- Acceler- Axis Posi~. | Velo- Acceler-
tude, Rate, ation, tion, | city, ation,
deg | rad/sec | rad/sec 't £t/sec g's
Pitch | =i45 x] E Iongitudinal} =5 *6 £0.5
Roll *30 =] =1 Lateral =5 6 *0,5
Yow *Y5 ] +] Vertical 2,5 6 +1,0

The platform's motion limits are too small to permit duplicetion of all
low-frequency aircraft motion commanded by the pilot, especially the linear
Consequently, a "washout" logic has been developed to selec-
tively attenuate motiun commands which would cause the simulator to exceed
its limits (Appendix F; Ref. 11).
quency response characteristics of the human's vestitular system.
orients the cockpit relative to the carth's gravity field to simuiste low-
frequency aircraft linear accelerations which otherwise could not be repre.
Several pilots have evaluated the motion system with this wasioul
logic for hovering and low-speed flight and have generally found that it
provides a realistic representation of actual flight.

displacements.

sented.

Simlated Flight Task

This system is vased on measured fre-
It also

The flight task performed during the longitudinal and lateral and the

directional control studies consisted of the following subbasks:

17

verti-.al

T Uy SO AR RSN YRR SO EIETI e R

a0

Toa MOK AL D £ 3T

LR N LT IRNY

WA o T




AR

R4

AR TR AR S IR NS S

TIRRPRE

e

e BT T PR AR

PRI

takeoff and climb to a 4O-ft hovering altitude, low-speed maneuvers (air
taxi; MAN, XM, YM), quick stops (@S, XQS, YQS), turns-over-a-spot (TU),
hover (HOV), 2n1 landing. The air-taxi maneuvers were conducted in both
longitudinal anc lateral directions through similated distances of 65 £t
and =75 £, respectively. The pilots followed a cross pattern while hold-
ing heading constant (at 000 deg true) and hovered momenterily at the cerdi-
nal points of the cross. Airspeeds were generally less than 20 ft/sec
during the maneuver task. The pilots next performed the longitudinael and
lateral quick stops while also holding heading at 000 deg true. Airspeeds
were somewhat larger for the quick stops, and, of course, the aircraft's
velocities were arrested more abruptiy than for the air-taxi mapeuvers. The
pilots next performed *180 deg turns while maintaining hover position and
this was followed by a 60-sec precision hover at the center of the simlated
hover pad. The pilots then landed the aircraft.

The turn-over-a-spot subtask wes deleted for the height control study
and a landing sequence (IS) subtask was performed after the hover., The
landing sequence consisted of relatively rapid changes in hovering altitude
from 40 £t to 20 £t and back to 40 ft. This was followed by a vertical
landing.

k, Pilots

The two UARL evaluation pilots were the same pilots A and B who partic-
ipated in the previous VIFCS studies conducted at UARL (Refs. 7 and 8).
Both are licensed private pilots who have flown a variety of fixed-wing
aircraft and one has had limited helicopter experience. They also have each
accumlated several hundred hours eveluation time on the flight similator.
For each study in this program pilot B generally evaluated all the fixed-
base test cases end pilot A approximstely half of them. These ratios were

reversed for the height control studies, however. Only pilot B performed
moving-base evaluations.

Two Calspan test pilots also participated at different times in the
UARL program. Each has extensive experience in both helicopters and V/STOL
aircraft. Eleven moving-base simulator shifts of at least 4 hours duration
cach were set aside for Calspan use. Results from the Calspan evaluations
are shown only for Calspen pilot B in this report.

5. Comparative Results from UARL and Norair Simulations

The UARL flight simulation was designed to correspond with that used
by Norair in their previous VIFCS program (Ref. 9) and thereby provide com-
parable results. An indication of the success of this effort can be obtained
by comparing pilot ratings for similer test cases from the two simulations.
Comparable longitudinal and lateral control rating data for the six UARL
basic configurations are shown in Fig. U4 and Table III. The UARL fixed-base
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TABLE

I

COMPARISON OF PILOT RATINGS FROM NORAIR AND CURRENT UARL STUDY
Wind Simlation: Uy = 10 kbs, oy_ =0y = 3.4 ft/sec for Both Simlations
8 g

Simn. Iongitudinal Iasteral m®

Basic| letion| Stability Derivatives Stability Derivatives

- -

Cntel case Mg | %y | Mg | M |nely || 1| rms|m
UARL, 0.33} -0,05{-1.7{ -4.2{-0.33}{-0.05} 1.7} -4.2 {2 2
TL

BC1
Ngl;gm 0.33} -0.05{-1.7} -4.2{-~0.33] -0.05¢} -1.7} -k.2 3.2
UARL 1.0} -0.05} 1.1} -2.5}-1.0 | -0.05]| -1.1} -2.5tk.5 |5
710

BC2
NORAIR 1,04} -0.,05}-1.14 -2.5} -0.16] -0.10} ~-5.0} © k.5
102
UARL 1.0 | -0.05}-2.0] © -1.0 {-0.05] -2.0} © 5 6
716

BC3
NORAIR 1.0 | -0.05{-2,0f © -0.16} -0.10] -5.0] © 5
17
URRL 13 0] -0.201-3.0} -1.7}-1.0 | -0.20} -3.0] -2.7]|3.5 {3
7

BCY
N({ﬁ‘;m 1.0} -0.20}-3.0}-1.7}-0.16} -0.10} -5.0} © L
UARL, 0.33{ -0.20]-1.7| -k.2} -0.33} -0.20] -1.71 -4.2}3.5 | 2
Tl

BC5
Ng};ﬁm 0.33] -0.20}-2.1%-3.81-0.33] ~0.20{ -2.1} -3.8 3
UARL 1.0 |1 -0.20}-1.1) -2.5{-1.0 | -0.20} -1.1} -2.5|4.75{ 6
713

BC6
Nﬁi‘m 1.0 | -0.20}~-1.4§-1.7}-0.16} -0.10} -5.0} © 6.2
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data are averaged over two pilots and the moving-base results are for pilot B
only. The Norair ratings for each case have been averaged over severel pilots.
In general, the ratings from the two programs agree relatively well, generally
differing by only about one unit or less. Note, however, that only for con-
Piguration BCl were the Norair and UARL test cases completely identical. The
comparable longitudinal stability derivatives were always quite similar bub
the lateral derivatives were generally not.

cC. Date Anslysis

1. Reduction of Experimental Data

a. Flying Qualities Results

Pilot ratings and comments were obtained for each test case. Corres-
ponding pilot-selected control sensitivities were also recorded. For some
of the test cases, however, control sensitivities were preset at acceptable
levels to save time. The pilot ratings were based on the Cooper-Herper
scale (Table IV) and the pilots’ comments consisted of responses to the appro-
priate parts of the questionnaire shown in Table V. The rating scale and
questionnaire are very similar to those used in the Norair VIFCS program
(Ref. 9). TFor presentation in the figures the UARL fixed-base rating data
and control sensitivity results were each averaged over pilots A and B. The
corresponding moving-base data from pilot B are shown separately. Also,
Calspan pilot evaluation results were never averaged with the UARL data.
Except for height and directional control, the Calspan pilots did nobt reach
the level of control proficiency on the UAC simulator which is necessary to
provide valid filying qualities data. This should not be interpreted as a
reflection on the capabilities of the Calspan evaluation pilots who were
both highly skilled in the control of V/STOL aircraft. Rather, the inabil-
ity to become proficieni;, in the somewhat limited time available for Calspan
pllot training, was a result of the complex nature of the UAC conbtact analog
display (Fig. 3). This display does not provide a great deal of visual
realism and in order to conbrol properly one must rely on the relative motion
between the cross and square symbcls., The Calspan pilots did not learn to
"lead" their control inputs properly using this relative motion infcrmation.
They also tended to meke control inputs of the wwrong polarity, because it
wvas difficult for them to determine the proper correlation between the
symbol relstive motion and the required control input. Valid flying queli.
ties data can be obtained with the UAC display, however, for evaluation
pilots who are familiar with its characteristics (e.g., Refs. 7, 8, and 12),
For such pilots, the UAC display can provide visual cues (except for periph-
eral information) which are similar to those in actusl VFR flight, and in
some aspects possibly better than VFR cues (Ref. 7).
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TABLE IV

COOPER-HARPER PILOT RATING SCALE

ADEQUACY FOR SELECTED TASK OR DEMANDS.ON THL PILOT PILOTY
( REQUIRED OPERATION" AIRCRAFT CHARACTERISTICS * 1y sr(eCTED 1ASK OR REQUIRED OPERATION' lnz i)
. — -
Excellent . Pilot compensol:on not o fociar for
Highly desircble deseed performonca i
> Goodt Filot compeasolion not o foclor for 2
Neghgidle deficiencies desired  perlormance
Fourr - Some mildly . M 1 0! ¢ al tequred for
meleascnl deliciancies des.ced petformonce 3 J
N
—
‘} Mt but onnoyng . Deswed cerformonce requires moderate )
- deficiencies pilol compes sotion 4
$
Tetifoctory wibod, N0 De:-g:::;es Modzrately obchonoble  Adequate performance requires 5
Wrproverknt? wmprovement dehicrencies considerable pdo! compensotion
Very cbectioncble but Adequete performonce requires extensive
L J Ltolembie deficencies  ° ot compensation 6 )
( ) Acequote pericrmance not oftoincble with —W
Mojor delicrencies ¢« monmum folerable pilof compansohion 7
s adequal?® Conlrollobilily a0t 1n queshion
performonce Deficiencies
require Mopr ceficrencies o Considerable pilot compensohion 1S required 8
improvement for control
Mopr delicencies Intense piot compensotion s required 10 9
y L retain  control
-/
Improvement Contrd will be lost cunng some porhion of required
mandatory Hm“ ceficiencies o operation 10

*Datimtion of required operation invalves designation of flight phass end/or subphoses with
cecompgnying congitions,

All the rating end control sensitivity data for the UARL pilots are
summarized in Appendix A and the corresponding pilot comments are contained
in Appendix B. Similar results from Calspan pilot B are presented in
Appendix D.

b, Control Power Data

The total pitch, M,, roll, IL,, and yaw, N, control moments (pilot con-
trol inputs plus that from the rate damping and attitude stabilization
derivatives, i.e., the stability augmentation system commandg) were measured
for each test case in the longitudinal and lateral control and the direc-
tional control investigations. Pitch control moment and thrust-usege date
were measured during the height control study. A representative schematic
showing the point at which the pitch control-moment-usage date were measured
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is showvn in Sketch II-G. Control moment for roll end yaw control and thrust
usage for heignt control were measured at corresponding points in the eppro-
priate control loop. These control power data were recorded on an FM tape

Point at Which

Mement Usage
Measured

Nesired

Fitch Fiteh Control Pitch Piteh
Attituwe Zrror Mlot Input Lag andfor Comeand Alrframe Attitude

Qo_ : i Delay i pynamics
Stability | i
fugmentation

SKETCH II-G. Representative (Pitch) Aircraft Contrcl Loop
Showing Point at Which Control-Moment Usege
was Measured

recorder. Control power usage for the experiments in which effectively un-
limited control power was available was characterized by the percent time
given moment levels were exceeded for a particular subtask. For those
investigations in which control power weas limited, the percent time that
total control power commaends exceeded these limits was of interest. The
exceedance percentages were computed off-line from the recorded control
power dete using an analog computer. Exceedance computations were performed
on the magnitudes of the pitch, roll and yew control moment data; | Mo 1,

ILcl s |Nc| , respectively, and the combined pitch and roll moment results,
[M| + |Lo|, from the longitudinal and lateral studies and from the directional
control investigations. As indicated oy the relationship (|M,| + | Lo]) the
exceedance percentages for the combined pitch and roll signel were performed
on the sum of the megnitudes of total pitch and roll control moments. For
the height control data, the exceedance computstions were performed on [Mcl
and on the negative or "up" collective part of Z o e and Zg, e + Zyg W.

It was felt that exceedance percentages computed from the thrust used to
ascend or srrest sink rates would he more significant than percenteges based
on both positive and negative thrust usage about the trim level (T/W = 1.0).

Representative plots of exceedance results are shovm in Fig. 5. There
the percent time that |Mc|’ ILCI and |Mc| + chi exceed the given reference
levels are shown with subtask as a parameter. These data are for one pilot
and are plotted on a probability grid., For the type of plots in Fig. 5, a
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straight line indicates that the data can be characterized by a Gaussien
probability distribution. There is some tendency for the curves from the
hover and turn subtasks to exhibit this characteristic.

To simplify the task of evaluating the effects cf a variety of aircraft
and task parameter changes on control power usage, the control power level
exceeded 5 percent of the time was chosen for comparison. The 5-percent
level was selected because it is generally near the upper limit of control
power used by the pilot and would presumably be related to the required
installed power. A previous UARL study showed some evidence to support this
assumption (Ref. 13). On the other hond, it is not such a small percentile
that it would be an unre’iable indicator of overall conbrol power usage. The
dete in Fig. 5, for example, indicate that if the S-percent level is used to
rank the subtasks as to control-moment usage, the results are consistent
with the trends evident over all percentiles. However, the 5-percent level
should be more sensitive to parameter changes than larger percentile levels.

The 5-percent level results presented in this report were averaged cver
the two pilots participating in the study and over both moving- and fixed-base
deta to provide the largest possible date sample for & given test point.
Averaging the moving- and fixed-base data appeared to be valid since the
differences in these two types of data were less than the inter-pilot varie~
tion. That is, there was generally no dramatic difference between fixed-
and moving-base data. Representative results which support this conclusion
are shown in Fig. 6.

2, Analyticel Investigations to Inberpret the Data

Two types of analybtical efforts were underteken to interpret and
rationalize the experimentel results. One involved converting the param-
eters in MIL-F-83300 which specify satisfactory V/STOL response into func-
tions which could readily be compared with the UARL flying qualities and
control power data. The computations were performed to permit evalustion
of the MIL-F-83300 requirements for control sensitivities, control power
and satisfactory levels of ccntrol legs and delays.

The second type of analytical investigation was man-machine analysis ol
the different control loops (longitudinal, lateral, height and directional)
closed by the pilot when controiling a V/STOL aircraft., The results of
these analyses were used to select parameters to be considered in the experi-
mental studies and to interpret pilot opinion data in terms of the pilot
Jead and gain compensation required. The closed-loop models and analytical
techniques used here are discussed in detail in previous UARL reports (e.g.,
Refs. 7, 8 and 1k4).
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SECTION IIT

RESULTS OF LONGITUDINAL AND TATERAL CONTROL STUDIES

This section consists of two parts in which the results of the longitu-
dinal and lateral control studies are discussed. Part A is concerned with
flying qualities data and Part B with control-moment usage data. Details of
the experimental design, the equipment and procedures and other background
material are given in Section II.

A. Flying Qualities Results

Pilot ratings and pilot-selected control sensitivities from the studies
of (1) turbulence, (2) control lags and delays, (3) control moment limits,
(4) control moments through stored energy, (5) inter-axis motion coupling,
(6) thrust-vector control independent of attitude, and (7) rate-command/atti-
tude~hold control are discussed here. The data are interpreted using man-
machine analysis methods and, where appropriate, are compared with MIL-F-83300.

1. Turbulence

a. Pilot Ratings

The flying qualities of the six basic configurations were each evaluated
at three turbulence intensities (crug = Oy, = 3.4, 5.8 and 8.2 ft/sec) to
determine the sensitivity of representative Ievel 1, 2 and 3 V/STOL aircraft
to changes in turbulence intensity. Pilot ratings from these evaluations
(Cases Tl through T18, Table A-IT) are presented in Fig. 7. The pilots were
not aware of the turbulence intensity level present for a given test case. As
might be expected, the ratings generally deteriorated as gust intensity
increased. However, it appears that the rate of deterioration may have been
greater for configurations with the less stable (Levels 2 and 3) dynamics.

For example, there was no degradation in ratings for the Ievel 1 configura-
tions as rms turbulence intensity was increased from 3.4 to 5.8 ft/sec. A
general increase in rating for the Level 1 configurations is evident, however,
at the 8.2-£t/sec intensity, although the ratings all remain in the acceptable
region (Fig. 7(a)). A much more definite deterioration in ratings is evident

for the Level 2 and 3 configurations, especially for the change in turbulence
intensity from 3.4 to 5.8 ft/sec.

The degradation in rating is shown more clearly in Fig. 8 where it is
plotted versus configuration flying qualities level, with the change in turbu-~
lence intensity treated as a parameter. The degradation in fixed-base ratings
for Level 2 and 3 configurations is much greater than that for Level 1 config-
urations over the turbulence intensity interval 3.4 to 5.8 ft/sec. Excepti for
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BCh, which is Level 1 but relatively responsive to gusts, this trend is also
evident (to a lesser extent) for the intensity interval 3.4 to 8.2 ft/sec.
There is not sufficient moving base data to permit a complete comparison
between levels. However, over the turbulence interval 3.4 to 8.2 ft/sec, “he
degradation in moving-base ratings for lIevel 1 configurations BCL and BCh is
less than the corresponding fixed-base degradation. The mcving-base degrada-
tion for BCS5 is greater than its fixed-base counterpart but still smaller
than the fixed-base degradation for the Level 2 and 3 configurations. 1In
sumary, the pilot rating datae would tend to indicate (but by no means
confirm) that the MIL-F-83300 Level 1 requirement for V/STOL piteh, roll snd
yaw dynamic response (paragraph 3.2.2) provides aircraft dynamics which
remain quite controllable for nominal increases in turbulence intensity.

The .ating data can be interpreted by considering the aircraft attitude
and position response to turbulence and the phase lags of the attitude dynam-
ics at frequencies critical to pilot control. It hes been shown (Refs. 7 and
8) that pilot rating is related to both the workload involve3d in suppressing
turbulence and the lead compensation he must supply to provide good closed-~
loop attitude charscteristics. This lead compensation is inversely dependent
on the attitude phase lags over the frequency interval from about 1 to &
rad/sec {Refs. 7 and 14). The frequency domein characteristics of the open-
loop attitude and position response to turbulence for the six basic config-
urations are shown in Figs. 9 and 10. The phase lags contributed by the pilot
and the open-loop attitude dynamics for these configurations are presented in
Fig. 11. The pilot's lags are assumed to consist of a pure delay of 0.09 sec
in combination with a first-order lag having a 0.2-sec time constant (Refs. 7
and 14). An examination of the phase lag and turbulence response curves will
indicate why the level 1 configurations BCl and BC5, and to a lesser extent,
BC", have generally better flying qualities and are less aifected by turbu-
lence than the Ievel 2 and 3 configurations. The phase lags (Fig. 11) for
BCl, BCY4 and BC5 are all appreciably smaller than those for the Level 2 and 3
configurations over the critical frequencies (® = 1.5 to 4 rad/sec, Fig. 11).
This indicates that the pilot need supply less lead compensation to provide
good attitude control characteristics. Also, the normalized open-~loop attitude
and position power spectral densities for BCl and BC5 are appreciably smaller
than those for the Level 2 and 3 configurations. The pover spectral densities
for BCY, the remaining Level 1 configuration, are comparable to those for BC2,
BC3 and BC6 over the lower freguencies but are smaller at the higher frequen-
cies which are more difficult for the pilot to suppress. Consequently, the
opinion ratings for BCh might be expected to exhibit a somewhat smaller
sensitivity -to gust intensity than BC2, BC3 and BC6.
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b. Control Sensitiv'.ties

Longitudinal and lateral control sensitivity data are shown in Figs. 12
and 13, respectively. For most of the six configurations, the longitudinal
control sensitivities, Mso, tend to increase with turbulence intensity. This
trend reflects the pilot’s requirement for more rapid attitude and position
responses to control inputs as he tried to maintain performance in the
presence of increasing gust disturbances. For some of the configurations
(Bck, BCS5 and BC6) the lateral control sensitivities (Fig. 13) tend to
increase with turbulence intensity, but this trend is not consistent for all
configurations. In fact, the control sensitivities selected for BC3 tend to
decrease slightly for the larger gusts. Such inconsistencies are not
unexpected, since previous studies have shown that a fairly broad range of
control sensitivities are’acceptable to most pilots (Refs. 7 and 9). Figures
12 and 13 also contain boundaries for the maximum and minimum control sensi-
tivities permitted under the MIL~F-83300 specification for aircraft attiiude
response to control inputs (paragraph 3.2.3.2). These sensitivity bowndaries
were back-calculated using the attitude response specifications and the %nown
aireraft dynamics. It is apparent from the distance between these boundaries
that the specification permits appreciable latitude in the installed V/STOL
pitch and roll sensitivities. The values of Mge and Lgg selected by the UARL
pilots generally fall within these boundaries, but are much closer to the
minimum acceptable lzvel than the maximum. In fact, for the Level 1 config-
urations (BCl, BCH and BCS), most of the lateral control sensitivities are
somevwhat below the lower boundary. ILarger minimum values are required by
MLL-F-83300 for lateral control sensitivities thau longitudinsl, assuming
the pitsch and roll dynamics are symmetrical. In studies at UARL, however,
Lgg has generally been found to be smaller than Mge (Refs. 7 and 8).

2. Control lags and Delays

a. Pilot Opinion Ratings

Pilot rating data from the three parts of the control lag and delsy
investigation are discussed in the following order: (1) first-order control
lags, (2) first-order control lags in combination with a 0.l-sec delay, and
(3) second-order control lags. The test cases evaluated in these studies were
LL1-LI27 and results of the evaluations are summarized in Table A-III

(Appendix A).

The effects of the first-order control lags on ratings are shown in
Fig. 14. These lags affected only the pilot's control stick commands and not
the SAS inputs. Also, the lags were identical for both pitch and roll. As
might be expected, the ratings generally deteriorated as the lag time con-
stant, Tg = Ty, increased. However, the sensitivity of a given configura-
tion's flying qualities to the lag time constant appeared to correlate with
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the flying qualities level (without lags) of the configuration. For example,
most of the ratings for the Level 1 configurations at 7, = T, = 0.6 sec were
within one unit of the ratings given for no lags. The Level 2 and 3 config-
urations generally show a noticeable deterioration in rating at 7o = 73 = 0.3
sec. The degradation in rating ig plotted versus flying qualities level in
Fig. 15 with the change in lag time constant as a parameter. There is
considerable scatter in these results, but the fixed-base data generally show

that the degradation in rating was greater for the Level 2 and 3 configura-
tions.

The Ievel 1 configurations should be somewhat less sensitive to control
lags. The primary effect of the control lags is to introduce phase lags
(Fig. 16) which increase the need for pilot lead compensation., They do not
affect the aircraft response to turbulence. The Level 1 configurations
vequire little lead compensation without lags because their open-loop phase
lag is small (Fig. 11). Pilots will tolerate nominal requirements for lead
compensation without a significant change in rating (Refs. 7 and 1%). Conse-
quently, the ratings for Level 1 configurations dc not change appreciably
until the lag time constant reaches a relatively large value (e.g., Te = Ty =
0.6). However, for the level 2 and 3 configurations the requirements for
pilot compensation are at a relatively high level with no lags (Fig. 11). In
this situation the pilots appear to be more sensitive to the increased lead
requirements, possibly because it is more difficult to supply the needed
increment. Note that the magnitude characteristics of the basic configura-
tion-lag combination, which will not be discussed here, may also affect pilot
opinion (Refs. 14 and 15).

The specifications for pitch and roll control system lags can be
evaluated using the pilot rating data in Fig. 14. The specification (para-
graph 3.2.4) is based on the time it takes aircraft attitude to reach the
initial maximum angular ascceleration, ey 8nd % , after the initiation of
the control command., If these times are less than C.3 sec the attitude dynam-
ics are considered satisfactory. Values of these times have been computed
with 7, = 7y, = 0.1, 0.3, and 0.6 sec for each of configurations BCl, BCh and
BC5 and they are summarized in Table VI along with the assoclated pilot
ratiis., These results show that the specification permits a 7o = 74 = 0.3
sec for the configurations evaluated; these cases were also generally rated
satisfectory. The specification would preclude Teg = Tg = 0.6 sec although the
fixed-base ratings remained marginally satisfactory for these cases. However,
the moving-base ratings for the first-order control lag evaluation were
generally worse than the fixed-base results. Consequently, it would appear
that excluding control lags much greater than Tg = Ty = 0.3 sec, as the
specification does, is prudent.
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COMPARISON BETWEEN PILOT OPINION RATTUGS A¥. THE

TABLE VI

MII-F-83300 REQUIREMENT FOR ACCEPTABLE ATTITUIE CONTROL IAGS

Time to Mex.
Basic Iag Time Acceleration, Average Pilot Rating
Conf. Constant, té =
max
T. =T e
€ @’ q¢max’ Fixed Base Moving-Base
sec sec Mode Mode
0.1 0.19 2
BC1 0.3 0.31 2.75
0.6 0.38 2.5 5.5
0.1 0.15 2 3.5
BCh 0.3 0.29 2.75 5
0.6 0.46 3.5
0.1 0.18 2
BCS 0.3 0.30 2
006 0.38 3'5 3

The effects of adding a O.l-sec time delay in pitch and roll response for
Level 1 and 2 configurations (level designation applies fer no lags or delays)
ere shown in Teble VII. Such delays also increase the requirements for pilot
adapted lead compensation by increasing the phase lags in the attitude re-
sponse to control inputs. However, as indicated in Fig. 16, a 0.1-sec delay
contributes relatively small phase lags over the frequency range (~1 to b
rad/sec) most critical to pilot control of attitude. Time delays greater
than 0.1 sec were not considered since the specification (parcgraph 3.2.4k)
excludes them. In this study the time delays (de = dg) were adaded separately
and in combination with first-order lags (7, = 74) having 0.3-sec time con-
stants. For one of the cases (indicated by the superscript 2 in Table VII)
the time delays and lags affected both the pilot's control inputs and the SAS
commands. For all other cases the time delays and lags operated only on the
contrcl input. For the Level 1 configuration (BCl) the O.l-sec time delays
in the pilot's piteh and roll control inputs had little effect on pilot
rating, whether or not the 0.3-sec lags were also present. TFor example,
adding dg = 4y = 0.1 sec with 7o = 74 = O did not change the pilot's rating
(PR = 2 for both cases). Also, adding g = dg = 0.1 with 7¢ = Ty = 0.3
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TABLE VII
EFFECTS OF TIME DELAYS AND CONTROL SYSTEM LAGS ON PILOT RATINGS

BCl is Level 1 and BC2 is Ievel 2 Without Lags and Deleys

Bagic Lag Time Time Ratings from Pilot B
Conf. Constant, Delsay for Fixed-Base Mode
Te = Ta’ de = da9
see sec
0 0 2
0 0.1 2
Be1t 0.3 0 2.5
0.3 0.1l 3
0.3? 0.12 g2
0] 0 5
1 0 0.1 5
BC2
0.3 0 5
0.3 0.1 T

1. Symmetrical configurations - lateral derivative has same value as
corresponding longitudinal derivetive; pitch and roll lags and
delays equal.

2. TFor this case the lag and delay operated on both the control input
and the SAS command. TFor all the other cases only the control input
was affected.

resulted in a pilot rating deterioration of only 0.5 units relative to the
rating with only the 0.3~-sec lags. However, the results in Table VII show a
dramatic change in rating when the lags and delays were relocated so that they
affected both the control and SAS commands (PR = 8 versus FR = 3). In this
case, the stability augmencation was much less effective and, as a result, the
configuration was very difficult to control. The pilot's chief complaint
(Case LI25, Table B-II, Appendix B) was that large pitch oscillations
developed; it was nearly impossible to damp them and stabilize pitch attitude.
The results for the Level 2 configuration (BC2) also snow little change when
de = dg = 0.1 vere added with 7o = Ty = O sec. However, vhen the same delays
were added to BC2 with Te Tq = 0,3 the associated pilot rating was two

units worse than for the lags without the delays (PR = 7 versus PR = 5).

Note, however, that the rating for the lags alone was somewhat better than
would be expected. That is, it is the same rating (PR = 5) as was assigned

to BC2 with neither lags nor delays present in the control response. The
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results in Teble VII, although limited, would tend to indicate that 0.l.-sec
delays in the pilot's piteh and roll control responses are acceptable, at
least for Ievel 1 configurations. That is, the specification (paragraph
3.2.4) vhich permits delays in the pitch or roll attitude response to controil
inputs of up to 0.1 sec, appears to be reasonable.

Second-order lags were also evaluated during this study to provide some
infermation on the generality of the MIL-F-83300 specification for control
lags. The specification is besed on the results cf studies with first-order
control lags; however, because it is phrased in terms of an angular accelera-
tion response which must be achieved within a reference time interval,, it may
also apply to more general lags. Four sets of parameters for the second-order
lag were evaluated {Wp, =®@p = 3.33 rad/sec with {g ={g = 0.22, 0.50, and
1.0 and @p, = op =P§.23 with g = {3 = 1.0). Ag for the first-order lag
study the lags only affected the pilot's contrcl response and they were
identical in pitch and roll. The initial combination of parameters was
selected to have the same break freqguency Gbn = 3,33) as that for an accept-
able first-order lag (1/7, =wp, where 7o = 0.3). The demping ratio, & =Ly,
was adjusted to give the same phase lag as that from the first-order lag in
the region of the pilot's crossover frequency (We = 2.5 to 3 rad/sec; see
Refs. 8 and 1k). Consequently, the lead compensation requirements for the two
lags would be similar. However, the nature of the ccnbrol stick response
would be quite different because of the lightly damped (&, = &, = 0.22) oscil-
lations present for the second-order lag. The magnitude and phase character-
istics of the open-loop pilot and attitude dynamics, without pilot lead or
gain ccmpensaticn, are shown in Fig. 17.

Results from the evaluation of second-order lags with configuration BCl
(Fig. 18) show that the combination of parameters ( {= 0.22, @, = 3.33)
selected for equivalence with 7¢ = 7¢ = 0.3 resulbed in a pilot rating of 10.
Pilot comments indicated that the oscillatory pitch and roll motion was
completely unacceptable. The ratings improved with increased damping ratio,
but a satisfactory rating was not obtained even with §e = ga = 1,0. FHere the
oscillatory dynemics were not a problem, but lead compensation was reeded to
compensate che phase lags. Pilot rating was satisfactory for this damping
ratio, however, with the larger natural frequency, @Wpg =Wn, = 8.23 rad/sec.
The attitude phase lags in the region of pilot crossover frequency (2.5 to
3.5 rad/sec) were somewhat smaller with these parameters. The pilot rating
results from Fig., 18 are compared with tpax = tPmax velues computed for the
second-order lag test cases in the following tubulation:

Wn, =Wn s rad/sec {e =¢a tbhax = FR

3.33 0.22 0.61 10
3.33 0.50 0.58 7
3.33 1.0 0.55 L
6.23 1.0 0.33 3
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The only case rated satisfactory also had a time to maximum angular
acceleration which was nearly equal (0.33 sec) to that required by the
specification (0.30 sec). However, tfyqy = th,, Was almost twice the
specification value (0.55 sec) at wy, =, =3.33 rad/sec and {, = £, =1.0
for a test case rated marginally satisfactory (PR = 4). These very limited
results indicate, then, that the control lag specification mey not be suffi-~
ciently general to apply to second-order control lags.

b. Control Sensitivities

Longitudinal and lateral control sensitivities from the investigation of
first-order control lags are presented in Figs. 19 and 20, respectively. It
might be expected that pilot-selected control sensitivities would increase
souewhat with lag time constants since the lags result in slower attitude
response. For the longitudinal sensitivities, Mge, there is little evidence
of this except possibly for configuration BC3 (Fig. 19). The lateral sensi-
tivities, Lg,, exhibit some tendency to increase with r, and, again, this
effect is more pronounced for BC3. Configuration BC3 is Level 3 and very
difficult to control as the lags become larger. The pilots may have increased
sensitivity in an attempt to more quickly attenuate the large attitnde excur-
sions which tended to develop for Te = Ty = 0.3 and 0.6 sec.

Boundary values for acceptable minimum and maximum longitudinal and
lateral control sensitivities developed from the MIL-F-83300 o.pecification
for attitude control response (paragraph 3.2.3.2) are shown for the Level 1
configurations in Table VIII. Both the minimum and maximum boundaries
increasc with 7¢ = 75 because the specification is written in terms of an
acceptable response after a given time period. Because the lags slow the
attitude control response, the sensitivities must increase to satisfy the
specification. For the small lag time constants the pilot-selected lateral
and longitudinal sensitivities are close to the specification's lower
boundaries (Mg, and Ly are averages of fixed- and moving-base data). For the
larger time constants %he sensitivities fall below the minimum boundaries.
Note also that the maximum sensitivity boundaries are very much larger than
the UARL selected values., It may be appropriate to lower the minimum bound-
aries somewhat and it would seem that the maxiuum boundaries also could be
reduced. The maximum allowable sensitivities would, in general, result in
extremely "touchy" aircraft pitch and roll response to control inputs and
could cause the pilot to overcoutrol.
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TABLE VIII

COMPARISON OF AVERAGED LONGITUDINAT AND IATERAL CONTROL SENSITIVITIES
FROM THE CONTROL IAG STUDY WITH THE MIL-F-83300 REQUIREMENTS

Iag Time MIL-F-83300 MIL-F-83300
Basic Constant, UARL Mbe Boundaries UARL Lda Boundaries
Cont. ™. =T M L
e a’ de 02,
sec Min. Max. Min. | Max.
0 0.291 | 0.233 1.560 § 0.271 0.312 1.560
BC1 0.1 0.303 0.261 1.740 0.2k4 0.348 1.174
0.3 0.311 | 0.342 2.278 | 0.223 0.456 2.278
0.6 0.372 § 0.490 3.268 | 0.312 0.654 | 3.268
0 0.342 0.258 § 1.721 | 0.302 0.344 | 1,721
Bl 0.1 oo } 0,201 | 1.9%0 | 0.33% | 0.388 | 1.94%0
0.3 0.403 | 0.38% | 2.561 | 0.321 0.512 2.561
0.6 0.412 0.552 3.683 0.384 0.737 3.683
0 0.293 0.233 1.560 0.243 0.312 1.740
5C5 0.1 0.304 0.261 1.738 0.241 0.348 1.738
0.3 0.283 0.343 2.288 | 0.220 | 0.458 2.288
0.6 0.32% | 0.489 3.263 1 0.301 0.635 3,263
3. ontrol Momen imits

In this study the installed control moments required for pilot ascceptance
were determined for several of the basic configurations (BCl, BCk, BC5 and
BC6). The correlation between the requirements for control moment and the
levels exceeded some given small percent of the time with unlimited moment
available, i.e., the 5-percent level, was also examined. This study was
performed with and without control system lags and delays. Also, the pilots
were not aware of the control-moment limits except as they affected flying
qualities. Results from this study are listed for Cases IML-LM25 in Table
A-IV in Appendix A.

The effects of controul-moment limits on pilot rating of the flying
qualities of configuration. BCl, BC4, BC5 and BC6 are presented in Fig. 21.
The reference limits ovr starting points for the installed control-moment
levels (pitch, roll, and yaw) were averages of those levels exceeded 5 percent
of the time (CMg) with unlimited mement available (see Section III.B.1.d).
These averages were computed over all subtasks, pilots and modes of simulator
operation (fixed- and moving-base). The control-moment Limits for the remain-
ing test cases were obtained by increasing (or decreasing) the reference
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levels by integral multiples of 10 percent. Also, the limits were applied
to the total control moment available for both control inputs and the SAS
commands. Note that 5ﬁ5 is different for each configuration and its magni-
tude scales approximately with the configuration's speed-stability parameters
(see Table C-I, Appendix C).

Only for configuration BC5 did control-mcment limits equael to the
average 5-percent exceedance level, éﬁs, result in ratings equivalent to those
of unlimited moments (Fig. 21). Configuration BC5 is a very stable, Level 1
configuration with little response to turbulence. For configuration BCL,
which is identical to BC5 except that its drag parameters are one-fourth as
large, control moment limits at least 1.2 times the reference éﬁs level vere
needed to obtain ratings equivalent to those for unlimited moments. For the
configurations which were more responsive to turbulence (Bck) or both less
stable and more response to turbulence (BC6), contrcl-moment limits of 1.3
times the Gﬁs levels were required for equivalent ratings. For all the
configurations examined, a deficiency in control moment was most evident as
a momentary inability to control pitch, and to a lesser extent roll, when
performing the maneuver and quick-stop subtasks. Pilot comments indicated
that the limits on yaw control moment did not affect flying gualities.

Table IX contains & comparison between the control-moment limits found
to be necessary for pilot acceptance in this study and the control-moment

TABLE IX

COMPARISON OF UARL ACCEPTABLE CONTROL~MOMENT
LIMITS WITH MIL-F-83300 REQUIREMENTS

2

Control Installed Control Moment, rad/sec

Conf. Moment Piteh, Roll, Yaw,

Source Mcm Ibm Ném
el UARL 0.40 0.46 0.13
MIL-F-83300 0.57 0.47 0.31
- UARI. 1.07 0.79 0.23
v MIL-F-83300 1.26 0.81 0.31
BC5 UARL 0.38 0.36 0.15
MIL-F-83300 0.57 0.48 0.31
BC6 UARL 1.16 0.98 0.22
MIT~F-83300 1.18 0.71 0.31
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requirements in MIL-F~-83300. The control moment specification (paragraph
3.2.3.1) stipulates that sufficient control moment must remain at the maneu-
vering airspeed to s1multaneously produce aircraft pitch, roll, and yaw
attitude changes of 3 deg, y deg, and * deg, respectively, within one
second. The specification values shown in Table IX were computed assuming
longitudinal and lateral maneuvering speeds equivalent to those used in the
UARL task ( ~ 15 ft/sec). Combining these airspeeds with the mean wind
increases the effective longitudinal airspeed to =2 32 ft/sec. For the UARIL
simulation, then, the aircrafi must have sufficient pltchlng momeny, Mgy, to
trim the 32-ft/sec airspeed and also to provide the -3 deg pitch change
within one second. The roll, Lc , and yaw, Ncm, moments need only ve suffi-
cient to trim the l“-ft/sec 1atera1 airspeed and provide the required attitude
changes (% deg and %6 deg, respectively).

The results in Table IX show that for all the Level 1 configurations
(BC1, BCH, BC5) the pitch and roll control-moment requirements from
MIL-F-83300 equalled or exceeded those found to be necessary in the UARL
study. For BC6, a Level 2 configuration which is quite responsive to gusts,
the specification value for Lc, was about 20 percent low. However, the UARL
level for Mg, agrees well with the corresponding MIL-F-83300 value. Also, all
of the srecification levels for N, were well in excess of the UARL results.
It woul¢ appear from these relatively limited data that the MIL-F-83300
requirerent for pitch and roll control moments is adequate. However, the yaw
control-moment requirement seems somewhat excessive. Pilots never noticed a
deficiency in yaw control moments during the UARL study even for levels of
Nep, considerably lower than the UARL data shown in Te®le IX. Limitations on
piteh and roll control moment were predominant in the formation of rating.
The MIL-F-83300 yaw control-moment requirement is discussed in more detail in
Section V.A.3.

It was pointed out previously that another objective of this study was
to determine whether the required levels for installed control moments
correlated with the percent time given pitch and roll moment levels were
exceeded with unlimited moments available. In particular it was thought that
the 5-percent exceedance level might be sufficient. The results in Fig. 21
do not appear to substantiate such an hypothesis. However, it may be that
the maximum of the S-percent exceedance levels measured for the different sub-
tasks should have been used for ﬁﬁé instead of the average over all subtasks.
These maximum values, averaged over both pilots and fixed- and moving~base
simuletor modes {Table C-I, Appendix C), are listed in Table X along with the
pitch and roll moment levels necessary for pilot ratings approximately equiv-
alent to thcse for unlimited control moment (Fig. 21).
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TABIE X

COMPARISON OF MAXIMIM FIVE-PERCENT EXCEEDANCE MOMENT
LEVELS USED FOR ANY SUBTASK WITH ACCEPTABLE LIMITS
ON INSTALLED ROLL AND PITCH CONTROL MOMENTS

Basic Control Maximum Acceptable
Conf. Moment 5-Percent Level Moment Ievel

M, 0.34 0.43
BCl

Ib 0.45 0.50

M, 0.45 0.38
BCS

L, 0.50 0.36

M, 0.90 ) 1.07
BCL

L, 0.62 0.78

M, 0.93 1.16
BC6

L, 0.94 0.98

The results in Table X show that only for configuration BC5 were the
maximum 5-percent exceedance moment levels equal to or greater than those
levels which were acceptable to the pilot. It appears, then, that the 5~
percent exceedance level, whether it is composed of the average over all sub-
tasks or the maximum for any subtask, does not provide acceptable levels of
installed control moment. If configuration BC5 is considered an anomaly, the
fact that control-moment levels of 1.2 to 1.3 times Eﬁ5 were acceptable may
imply that a lower-percentile exceedance level, e.g.. the 1 to 2 percent
level, would provide acceptable installed control moments. Resulis related
to this possibility are discussed in Section III.B.2.

The control-moment requirements with control system first-order lags
(T = Ty = 0.3 and 0.6) and delays (d = dg = 0.1 for all test cases) were
also evaluated in this study for configurations BCl and BC5. The procedures
used and moment levels considered were identical to those for the evaluation
of control-moment limits without lags. The effects of the control lags can
be seen in Fig. 22. The necessary control-moment levels were increased by
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the control lags and delay. For example, control-moment levels for BCL

equal to 1.4t M5 were required with 7g = 7, = 0.3 and 0.6 and d, = dy = 0.1
for ratings equivalent to those with unlimited control moments. Control
moments equal to only 1.2 éﬁé were sufficient for BCl without lags and delay
(Fig. 21). For configuration BC5, 1.2 CMs; was required with 7¢ = 7, = 0.6 and
de = dg = 0.1. Without the lags and delays the corresponding required moment
levels vere equal to 1.0 éﬁé. The control-noment specification (paragraph
3.2.3.1) will account for the additional control moments required with control
system lags and delays. It is stated in terms of minimum attitude responses
within a certain time and, consequently, requires more installed control
moments when control lags or delays are present. It should be noted, however,
that the control moments required by MIL-F-83300 for no lags are generally
equal to or greater then the UARL levels necessary with lags and delays. This
is illustrated in the following 1list.

MIL-F-83300 UARL Acceptable
Basgic Without Iags With Jags
Conf,
Yen Len Nep, M Lep N
BC1 0.57 0.47 0.31 0.47 0.54 0.16

BCS 0.57 0.48 0.31 0.46 0.44 0.18

Only Ley, for configuration BCl from the UARL study is slightly greater than
its MIL~-F~83300 countervart. If the control moment specification for Ley, is
computed with 74 = 0.3 under the airspeed conditions discussed previously, the
MIL-F-83300 requirement for Ley becomes 0.62 rad/sec?, an increase of about

35 percent. If the 0.1 sec delay was also considered the percentage increase
would be even greater. For T, = 0.6 the corresponding level for Lep is 0.81.
In fact, the specification control moment requirement for control systems with
acceptable lags mey be excessive., Ior example, a control lag of 0.3 sec is
permissible under MIL-F-83300 for both configurations BCl and BC5. However,
such & lag will increase the specification control moment reguirements by
approximately 35 percent to levels which are much grester than those the UARL
results would indicate are necessary.

4. Incremental Control Moment Through Stoved Energy

For this study the pilot could command a pitch control moment (stored
energy effects were not simulated for roll) greater than the installed or
continuonsly availeble total moment., It was assumed that this additional
moment was provided by converting angular momentum from a rotor-propulsion
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system into an increment which decayed with time (as the angular momentum

was dissipated). A more detailed discussion of this effect and a description
of the simulation procedures used are given in Section II.B.l.,e. Representa-
tive values for the present increment and the rpm decay (and recovery) time,
determined from an snalysis of XC-142 propulsion system data are AMe = 0.3 Mom
and = 0.05 to 0.10 sec. Velves for 74 of 0.2 may be possible for heli-
copters. Cases LS1-LS3 were . iiuated for the stored energy investigation and
flying qualities results ar:z surrarized in Table A-V in Appendix A,

The results in Fig. 23 vere cbtained using values for Mg, which resulted
in flying qualities that were significantly worse than those for unlimited
control moments. The effects of stored energy were then evaluated for dif-
ferent combinations of AM, and Tp - Data are presented for basic configura-
tions BCL, BCh, BC5 and BC6 (Mg, was different for each). Some general
improvement in opinion is evident in Fig. 23 for AM, = 0.30 Mep and 7, =
0.10. Definite improvement is evident for all configurations with TN = 0.20,
although the ratings are poorer than for unlimited pitch control moment.

Note that for AM; = 0.50 M., and TA = 0.20 the flying qualities of BCl are
rated equal to those for unlimited pitch control moment.

Time histories of M,, the total pitch control moment, which sheow the
effects of stored energy are presented in Fig. 24. These results vere
measured for the maneuvering subtask with configuration BCl and Mg, = 0.36.
The stored energy parameters considered are AM, = 0.3 Men (0.11 rad/seca)
with 74 = 0.1 and 0.2 sec and AMg = 0.5 Mey (0.18 rad/sec®) with 7y = 0.2
sec. These are the parameters used with BCl to provide the pilot ratings
shown in Fig. 23. The stored energy contribution is evident in Fig. 24 as a
peak which decays relatively quickly to the Mep level. Note that there is a
reduction in the amount of time that the control moment is limited as the
contribution from stored energy is increased.

5. Inter-Axis Motion Coupling

a. Pilot Ratings

Attitude rate coupling (Mp, Ly) and control coupling (Ms,, Lg,) Were
evaluated to determine acceptable limits for such effects (Cases LC1-1c8,
Table A-VI, Appendix A). A related objective was to determine whether changes
to MIL-F-83300 are needed to account for motion coupling. Background infor-
mation on this study is contained in Section II.B.l.f. Results from the
evaluation of motion coupling are shown in Fig. 25. Pilot ratings and con-
trol sensitivities are plotted there versus the level of rate coupling with
control coupling shown as & parameter, Configurations BC1 and BC2 were
evaluated. For most of the results the coupling effects were additive. For
example, & positive pitch control input yields a positive pitch rate and
since both Lq and Lg, vere négative, the induced rolling mcment was also
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negative. For one test case coefficients having signs which resulted in
cancelling moments (Lq <0, Lya >0 and Mp >0, M8a‘< 0) were also evaluated.
Note that the pitch and roll rate ccupling levels vwere always equal as were
the values for longitudinal and lateral control coupling.

Pilot rating showed a significant, consistent deterioration with rate
coupling (Fig. 25(a)). There were no threshold effects evident in pilot
rating as control coupling was changed from zero to Mp = ~Lq = 2. That is,
this level of coupling brought about a deterioration in rating of 2 units and
the trend continued as rate coupling was increased., Without rate coupling,
control coupling ratios up to Mgy/Ls, = -Lg./Ms, = 0.5 brought about only a
1 unit decrement in rating (a value of 0.5 indicates a large amount of con-
trol coupling). As rate coupling was added the increase in rating {(deterio-
ration) caused by control coupling also hecame somewhat larger. It appears
from Fig. 25(a) that a control coupling ratio of 0.25 could be expected to
preduce a 0.5 to 1 unit deterioration in rating while a ratio of 0.5 results
in a 1 to 1.5 unit increase. The deterioration in rating for configuration
BC2 caused by Mp = -Iq = 2 and Mg, /Lg, = -Ige/Mg, = 0.25 was equivalent to
that for BC1 with the same coupling parameters. Also, no change in rating
occurred for BC2 when the signs of Mg, and LBe were changed such that the
rate and control coupling compensated somewhat for each other.

Attitude rate coupling appeared to have a greater effect on rating than
control coupling for the levels considered in this study. The results in
Fig. 25(a) would tend to indicate that MIL-F-83300 should restrict rate
coupling to mwagnitudes less than about 1 per sec. Also, control coupling
ratios greater than about 0.25 should not be permitted.

b. Control Sensitivities

Both the longitudinal and lateral control sensitivities generally tended
to increase with rate coupling (Figs. 25(b) and 25(c)). The pilots apparently
felt they needed a more rapid attitude response to control the coupling
motion. Also, the control sensitivities for the 0.5 control coupling ratio
were slightly larger than those for no control coupling. However, as indica-
ted by the MIL-F-83300 reference lines (Fig. 25(b)), the longitudinal control
sensitivities for BCl are within the specification (the maximum boundary is
well above the limits of the plot's ordinate scale). Also, the minimum bound-
ary for BC2 is even lower than that for BCL (not shown). The lateral BCl
sensitivities (Fig. 25(c)) for low rate coupling are somewhat lower than the
ninimum boundaries. However, the pilots would have had no difficulty con-
trolling with sensitivities corresponding to the specification minimums. The
effect of rate and coutrol coupling on control sensitivities is not specifi-
cally accounted for by the MII-F-83300 paragraph on response to control inputs
(paragraph 3.2.3.2). However, the range of sensitivities permitted by
MIL-F-83300 is sufficiently large that the increase in MBe and Lﬁa caused by
control. coupling does not result in their exceeding the upper boundary.
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6. Independent Thrust-Vector Control

Pilot ratings from the evaluation of longitudinal thrust-vector control
independent of aircraft pitch attitude (ITVC) are shown in Fig. 26 and
summarized under Cases LI1-ILI15 in Table A-VII in Appendix A. Lateral ITVC
was not considered. The pilots were instructed to rete aircraft flying
gualities based on their ability to perform longitudinal-position control
tasks using thrust-vector-angle rotation with a minimum of pitch-attitude
changes. Note that for the other parts of the UARL program the pilots could
change the thrust vector to offset the effects of the mean wind acting
through the longitudinal drag parameter. However, he was not permitted to use
it for general position control. For the ITVC evaluation he was required to

attempt to control longitudinal position exclusively with thrust-vector-angle
rotation.

Two Level 1 configurations (BCl, BC4) and a Level 2 configuration (BC2)
vere evaluated with ITVC.

For configuration BCl, with thumb-switeh thrust-vector control and
control-stick pitch control and the thrust-vector angle displayed on the
contact analog (Fig. 26(a)), the best ratings obtained were nearly as good as
those for conventional thrust-vector comtrol through attitude changes (PR =
2 tp 2.5 for BCl with conventional control). The pilots did not find it
difficult to control aircraft position with the thrust-vector angle while
regulating attitude. The lack of extensive experience with ITVC may have been

the major reason for the slightly poorer ratings compared with those for con-
ventional control.

Pilot B also evaluated ITVC (thumb-switch thrust-vector control) for
configuration BCl with only an instrument-panel display of thrust-vector
angle. For this case his rating was somevwhat poorer because alternating his
attention between the contact analog and the thrust-vector-angle panel display
increased the difficulty of the control task. With the thrust-vector angle
on the contact analog (the cross symbol moved vertically on the right side of
the screen to indicate angle) the pilot could derive both longitudinal posi-
tion and thrust-vector-angle information simultarneously. It should be notled
that a thrust-vector-angle display was essential to the performance of the
longitudinal maneuvering task. Without such a display longitudinal position
could not be stabilized. The pilots spparently controlled thrust-vector
engle as an inner loop and aircraft position as an outer loop. This is
similar to closure of the pitch-attitude loop as an inner loop for conven-
tional V/STOL aircraft control systems (Ref. 8).
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For configuration BCL the best pilot ratings for ITVC with thumb-switch
thrust-vector control (PR ~ 4 for ¥ = 20 deg/sec, Fig. 26(a)) were slightly
poorer than those for conventional control (FR = 3 to 3.5). Configuration
BCt (a high-drag configuration) is Ievel 1 but more responsive to gusts. The
larger position ‘isturbances associated with BCYH appear to be the reason that
the best overall ratings for this configuration were assigned with ¥ = 20
deg/sec. Rapid thrust-vector angle rates were needed to control position.
For BC2, the Level 2 configuration (with conventional control), the best
rating for thumb-switch ITVC (PR = k) was slightly better than that for con-
ventional attitude control (PR = 4.5 to 5). Configuration BC2 is Level 2
because of its lightly damped attitude dynemics. It may be that control of
this configuration was improved with ITVC, because it was not necessary to
change attitude to move the aircraft longitudinally. As a result, attitude
motion was rot excited to the extenv that it was for the conventional control
system and the pilot's workload msy have been reduced.

Results from the evaluation of stick thrust-vector-angle control and
thumb-switch attitude control are shown in Fig. 26(b). The thrust-vector-
angle change per inch of stick input (or sensitivity) was varied in this
study, but the rate-of-change of pitching moment from the thumb switch was
fixed at a predetermined satisfactory value. A O.l-sec lag in thrust-vector-
angle response was also simulated. For configuration BCl this method of ITVC
was satisfactory (Fig. 26(b)), i.e., ratings were similar to those for thumb-
switch thrust-vector control. Recall that BCL has very stable attitude
dynamics and little attitude or position respcnse to turbulence. However,
configuration BCH could not be controlled with the stick ITVC and thumb-switch
attitude control system. This was due to the difficulty in controliing
attitude with the thumb switch for this gust sensitive configuration. The
pilot could not pay the necessary attention to attitude control and still
control position with ITVC. The result was eventual loss of control. The
same comments apply to this type of control for configuration BC2.

The UARL evaluation of thrust-vector control independent of aircraft
attitude indicates that it could be an acceptable substitute for conventionel
attitude control, when properly implemented. For large aircraft with Tevel 1
dynamics the use of ITVC should provide ratisfactory flying qualities while
enabling the pilot tc avoid pitch (or roll) attitudes that cruld lead to
ground strikes. For aircraft having large drag parameters (X, Yy) ITVC
would also enable the pilots to control position without the large attitude
angles that result for such aircraft with conventional position control
through attitude. However, the results from this study for an aircraft with
large drag parameter (BCh, Xy = Yy = -0.2) indicate that position control
for such aircraft remains moderately difficult even with ITVC.




7. Rate-Command/Attitude-Hold Control

The attributes of rate-command/attitude-hold control are that it

(1) provides a pitch (roll) rate response proporticnal to pilov stick
commands, and {2) maintains aircraft trim attitudes while enabling the pilot
to center his control stick (see Section II.B.l1.h. for background). Rate-
command/attitude-hold control can be developed with a conventional rate and 2
attitude stabilized V/STOL, by inserting an integration between the pilot's i
control inputs and the aircraft attitude response. However, to provide
satisfactory flying qualities the rate damping and attitude stabilization
must be increased to offset the phase lag introduced by the integrator. This
can be accomplished by increasing the damping ratio, { , of the aircraft's
oscillatory roots (with rate damping) and increasing the natural frequency,
Wy, of these roots (with attitude stabilization) beyond the attitude-loop
crossover frequency (w,~ 2.5 to 3.5 rad/sec, Ref. 8). Representative effects
of changes in { and @, on the magnitude and phase characteristics of the
open~loop pilot-pitch attitude (with no pilot compensation) transfer function
are shovn in TFig. 27. These results show that increasing w, reduces the

phase lags near the crossover frequencies w, = 2.5 to 3.5 rad/sec (and,
correspondingly, the pilot lead compensation) more than increasing { . Cases
LR1~LR15 were evaluated in this study. Flying qualities results for the

case are listed in Table A-VIII in Appendix A.
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&. Pilot Ratings

The pilot ratings in Fig. 28 for a configuration having the basic air-
frame dynamics (i.e., speed stabilities and drag parameters) of BCl show the
effects of both { ard ®, for rate-command/attitude-hold control., Ratings
are shown in Fig. 28(a) for w, = 2.80, 3.4k4, 6.30 and T7.l0 rad/sec. Again,
the pitch and roll dynamic characteristics were identical. Several values of
{ were considered for w, = 2.8 and 6.3. The data in Fig. 28(a) indicate that
for w, in the region of the pitch- and rcll-loop crossover frequencies, e.g.,
Wy = 2.80 and 3.4k, satisfactory ratings cannot be achieved even with { g
values approaching 1.0. However, for ®, = 6.3 satisfactory ratings resulted ;
for { values of 0.5 and possibiy lower. Configuration BC4 was evaluated with !
two natural frequency values (w, =l and 5 rad/sec) different from those for
BCl to provide a relatively complete map of the effects of naturzl frequency.
There is a significunt difference between the moving- and fixed-base data for
BCk, but, again, ratings are better for the larger w,- It appears, also, that
damping ratios in the neighborhood of 0.7 are probably necessary to insure
satisfactory flying qualities for these w, values. A rate-command/attitude-
hold control system was also evaluated for hover and low-speed flight in a
previous Boeing study (Ref. 16). In that study an w, of 5 rad/sec with { =
0.9 resulted in good ratings for lateral flying qualities (PR =2 to 3 for
the optimum control sensitivity) and unsatisfactory ratings were obtained for

w, = 2.5 rad/sec with { = 0.9. These results agree fairly well with the
UARL data.

BN VDT ARt TR WAL LT

PRSP

R T P N

PR

2
i
:
'1
¢
K
S
N
&
H
K]

L e 1k
B T s R b igoht vy R0 o S

) — 3 ot . b e ey by Vo peoan 3 mmeide s IR Sateoesla Rt St Tue o g0 R T

T D T T PRI SO WRER TR o o o i A AN




i T

e

ety

bl
%
k4
.
5y
2
3
4

Although the UARL pilots rated a number of the rate-command/attitude-
hold test cases satisfactory (LR4, LR6, LR8 and IR15, Table A-VIII, in
Appendix A) their comments indicate that it provided no particular benefits
for hover and low-speed flight operation. For this type of flight the pilots
did not hold given aircraft pitch and roll attitudes sufficiently long to
appreciate the fact that trim attitudes could be maintained with the stick
centered. Also, the UARL study was conducted without stick centering forces
and small offsets from the stick null position resulted in attitude errors
when the pilots attention was diverted elsewhere. Finally, it should be
noted that the dynamic response portion of MIL-F-83300 (paragraph 3.2.2.1)
which stipulates the pitch and roll dynamics necessary for satisfactory
flying qualities does not apply to rate-command/attltude-hold control. This
paragraph excludes pitch and roll dynaxics having an aperiodic root at the
origin and admits oscillatory dynamics with { = 0.3, providing wp is 2 1.1
rad/sec. The data from the UARL study show that rate-command/attitude-hold
systems are acceptable, although they have an apericdic root at the origin.
However for them to be acceptable, their @, must be much greater than 1.1
rad/sec if { is only 0.3. Of course, it was not intended that MIL-F-83300
should necessarily apply to rate-command/attitude-hold systems.

b. Control Sensitivities

Longitudinal and lateral control sensitivities from the rate-cormand/
attitude-hold study are shown in Fig. 29. The control sensitivities increase
with @p but do not show well-defined trends with {. The increases in Mse
and Lg, with @, are to be expected, since”larger sensitivities are needed to
offset the restoring moments resulting frem this large "spring constant”.
Upper and lower boundary values for control sensitivity, computed from the
MIL-F-83300 requirements for control response, are shown in Fig. 29. Two
sets of bLoundary levels, corresponding to two different values of w,, are
shown for each of the configurations (BCl and BCY4) evaluated. All of the

sensitivities affected by the boundary limits shown lie within the acceptable
region.

8. Effect of Motion on Pilot Ratirgs for Longitudinal
and Lateral Control

The results of a comparison of pilot ratings ‘or longitudinal and
lateral control from moving-base (MB) and fixed-~base (FB) evaluations of
identical test cases are summarized in Table XI. There the FB-ratings for
the different test cases are categorized according to rating level, i.e.,
satisfactory, unsatisfactory, and unacceptable. The associated MB ratings
for the test cases in a given FB rating category are then listed according
to whether the MB ratings were better than, equal to, or worse than the
corresponding FB rating. The moving-base ratings were consistently no better
than, and generally worse than, the fixed-base ratings for the same test
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cases. This trend holds for all three of the ¥B rating categories. Rela-

A tively high frequency pitch and roll control inputs must generally be used
to control longitudinal and lateral position properly. There may have been
a tendency for the pilots to make more abrupt control commands and also to ;
tolerate disagreeable attitude motions (observed on the visual display) more
for fixed-base operation. The addition of motion would have made the

pilot mare aware of undesirable characteristics in test case dynamic re. :
sponses. This effect could have overshadowed the benefits of added control 5
cues through motion and caused the poorer moving-base ratings.
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TAELE XTI

EFFECT OF MOTION CUES ON PILOT RATINGS
FOR LONGITUDINAL AND LATERAL CONTROL

Corresponding Moving-Base Rating

Fixed-Base (FB) Better than FB Equal FB Worse than FB
Rating-Level, Rumbex/Percent of |Number/Percent of | Number/Percent of
Number of Ratings Total Total Total
Satisfactory, L4 /22 3/17 11/61

18
Unsatisfactory, 7/35 1/5 12/60

20
Unacceptable, 1/17 4 /66 1/17

6

B. Conirol -Moment Usage

The discussion of the control-moment usage data is presented in four
parts. In part 1 the effects of a number of aircraft, control system snd
task parameters on pitch, roll and simultaneous pitch and roll control -moment
usage (as defined by the moment levels exceeded 5 percent of the time) are
described. These results were obtained from experiments 'in which essential-
1y unlimited control moment was available to the pilot. Specifically, the
effects of turbulence intensity, aircraft speed stdbility and drag para-
meters, flying qualities level, control system lags, motion coupling, and
subtask are described. A comparison is also shown between actual simulta-~
neous pitch- and roll-control-moment usage and hypothetical maxima ai.d minime
for such simultanesous usage. These results provide insight into the degree
to which pilots make simultaneous control commends. In psrt 2 results from
the study of control-moment limits are dis. assed. The percent time that
total control-moment commands exceeded the installed limits are presented
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and correlated with the pilct acceptance of the limits. Parts 3 and 4 are
concerned with conirol-momer.t usage results for the unconvemtional control
systems considered: independent thrust-vector control and rate-command/
attitude-hold control, respectively.

In general, compsrisons %ith the MIL-#-83300 specification for control
roments are nokt made in the discussions of control-moment usage. There are
two reasons for this: (1) contral-mement comparisons were already made in
the discussion of the flying quaiities results for the control-moment limits
study (Section ITI.A.3) and, (2) the control-moment usage data are described
in terms of the S5-parcent-exceedance levels which were shown to be lower
than the control-moment limits regu.red for pilot acceptance (Section
III.A.3). However, the S-percent-exzceedance levels do provide a useful
measure for evalusting control-woment usage (see Seetion II.D.l.b.).
Additional control moment usage data are shown in Appendix E. Exceedance
plots based on control moment usage in tne maneuvering subtasks are pre-
sented there which fur*hor i*lustrate the effects of a variety of aircrafi
and control system parameters.

1. Effects of Aircraft, Conventional Control System and Task
Parameters on Control-Moment Usage

a. Turbulence Intensity

The effects of turbulence intensity (Ohg =0, ) are presented in Figs.
30 and 31 and also listed in Table C-I in Appenc.x C. The data in Fig. 30
are for configuration BCLl which requires little pilot compensation or 'lead"
(Level 1) and is relatively unresponsiva to turbulence. That is, the con-
figuration has a relatively high level of stability augmentation (Mq = Lp =
-1.7 and Mg =1Ly = -l4,2) and the stability derivatives which describe the
moments and forces cauced by turbulence, speed stability and drag parameters,
respectively, are small (Myg = =Iyg = 0.33, Xy = ¥y = =0.05). Figure 31
presents results for configurat.on BC6 which is Level 2, and more responsive
to gusts (Myg = -Lyg = 1.0, X, = Y, = =0.20).

For configuration BCl (¥ig. 30) the moment levels corresponding to the
S~percent exceedance level generally increase with ‘turbulence intensity for
all tasks, although there is appreciable scatter in the results. Also,
none of the 5-percent moment levels (pitch, roll, or combined) scale
lineerly with turbulence. That is, there is a factor of about 2.4 increace
in rms turbulence intensity from 3.4 ft/sec to 8.2 ft/sec but the S-percent
control-moment levels at 8.2 ft/sec are not 2.4t times as great as those for
3.4 ft/sec. The reason the control-moment levels do not scale may be that
the control inputs necessary for task performance and the pilot's inadver=~
tent inputs form a bias S-percent moment level upon which the turbulence




effects are superimposed. Of course, the S-percent moment level for pitch
has an additional bias due to the 10 kt mgan wind acting through My. This

bias moment is approximately 0.18 rad/sec”.

The levels for configuration BC6 (Fig. 31) are significantly larger f
than theose for BCl. This is to be expected because of the greater response
of BC6 to gusts, meneuvering airspeeds and the mean wind. For example, the
bias moment in piteh for BC6 due to the mean wind is approximately 0.53 rad/
sec2, The 5-percent roll control-moment levels for BC6 are generally some-
what smaller than those for pitch, probably also because of the increased
bias moment in pitch from the mean wind. In addition, the roll moment levels
for BC6 show more of a tendency to scale with turbulence than those for
configuration BCl. Turbulence has a greater effect on control-moment
requirements for BC6 than BCl because of the greater respornse of BC6 to
gusts. Consequently, it might be expected that in the absence of signifi-
cant mean-wind effects, as is the case for roll, the comtrol-moment levels
for BC6 would exhibit a greater tendency to scale with turbulence.
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cient stability augmentation vo yield Level 1 flying gqualities and each has
drag parameters of X; = ¥y = -0.2 per sec. Their speed-stability parameters
differ by a factor of three, however (Myg = -Lvg = 0.33 for BCS and 1.0 for
BCt). The levels in Fig. 32 show an appreciable increase with speed sta-
bility for all three control-moment categories. For the individual-aris
control moments the increment due o increased speed stability is greater
for pitch where the effects of the mean wind are significent. Also, for
none of the moment categories does the change in the S-percent exceedance
level scale directly with the factor of three change in speed stability.
This would tend to indicate that the control-moment levels required to arrest
and initiate position rates and those caused by random pilot inputs are

b appreciable. If they were not, we might expect 5-percent levels to scale

: with speed stability because the remaining disturbance moments due to maneu-
vering airspeed, the mean wind and turbulence all scale with speed stability.
It is interesting to note here, also, that MIL-F-83300 accounts, to an
appreciable extent, for the effects of speed stability on required control
moments. This is accomplished by stating that the required aircraft re-
sponse must be demonstrated at the airspeeds involved in task performance
(paragraph 3.2.3.1, Ref., 1). Also, in the control-moment limit study the
specification was found to be adequate for configurations having both large

(Myg = -Lyg = 1.0) and small (Myg = -Lvg = 0.33) speed-stability parameters
(Section ITI.A.3).

b. Speed-Stability Parameter
In Fig, 32 and Table C-1 in Appendix C, control-moment results are
} presented for configurations BCS5 and BCk which show the effects of air-
3 craft speed stability (Myg, Iwvg). Both of these configurations have suffi-
4
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¢. Drag Parameter

The change in the reference control-moment levels with drag parameter
(X, Yy) are shown in Fig. 33 and Teble C-I in Appendix C. Configurations
BCl and BC5 are identical except that the drag parameters for BCS5 are four
times those for BCl (-0.20 versus -0.05). The results in Fig. 33 show a
small general increase in the levels for configuration BCS which has the
larger drag parameters. Increased drag parameters result in larger position
disturbances from turbulence. However, maneuvering position rates are
generally smaller because of the larger drag forces and these rates are
easier to arrest because of the increased position damping. The increased
disturbances due to turbulence would probably necessitate larger control-
moment levels while the other effects ol drag parameter should not increase,
and could reduce, the required control levels. That is, the attitude angles
and rates-of-change need not be as great to arrest position rates for
configurations with larger drag parameters. It appears then, from the
results in Fig. 33, that the effects of turbulence may have been domirant
since the S~percent levels incressed slightly with drag parameter. The
increase would appear to be relatively small, however, for a large change
in drag parameter. Certainly, the effects of changes in drag parameter are
less than those for the changes in speed-stability parameter that were
examined,

d. Level of Flving Qualities

The V/STOL Flying Qualities Specification (MIL-F-83300, Ref. 1) defines
three flying qualities levels. ILevel 1 flying qualities are "clearly ade-
quate for the mission," Level 3 are such that the "aireraft can be con-
trolled safely but pilot workload is excessive or mission effectiveness is
inadejuate, or both" and level 2 flying qualities lie between these exiremes.
The control-moment usage data observed for configurations with Level 1,
Level 2, and Level 3 dynamic characteristics are shown on Fig. 34. Results
are presented there (and also in Table C-I in Appendix C) for configurations
BC4, BC2, and FC3 (Level 1, 2, and 3 configurations, respectively), which
have identical speed-stability parameters (Myg = -Lyg = 1.0). The drag
parameters ave not identical for each configuration, but drag parameter has
a much smal'sr effect on the S-percent control-moment level (Fig. 33).

There is a general increase in these exceedance moment levels for config-
urations which fall intc the three flying qualities levels of paragraph
3.2.2 in Ref. 1 (Fig. 34) for all three moment categories. That is, as the
flying qualitiecs are degraded through reductions in stability augmentation,
the control mcents used increase. This would indicate that stability
augmentation does a more efficient job of compensating the alrcraft dynamics
and attenuvating turbulence inputs than does the pilot. It would appear also
that the required levels of installed control moments are decreased with
improved aircraft flying qualities.
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e, Control System Lags
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Control lags appeared to have little =2ffect on control-moment usage.
Five percert moment levels for configurations having control system lags
are shown in Figs. 35 and 36 (configurations BC5 and BCh, respectively).
These data are also sunmarized in Table C-II in Appendix C. The addition of
control lags to BCS5, which is Ievel 1 and has low turbulence response,
resulted in a small decrease in the S-percent levels for pitch and combined
control-moment usage, but the levels for roll do not show a consistent
change. The effects of control lag on the S5-percent levels for configura-
tion BC4 (Fig. 36) are even less consistent than those for BC5. Configura-
tion BCL is also Level 1 but more responsive to turbulence then BCS.

f. Inter-Axis Motion Coupling

The effects of both rate and control coupling on the pitch moment
levels exceeded 5 percent of the time for configuration BClL can be seen in
Fig. 37 and Table C-IV in Appendix C. Control coupling (Mﬁa/Lﬁa = Lae/Mﬁe)
is treated as a parameter in the three plots of Fig. 37 which correspond to
different rate-coupling levels (Mp = -Lq). The effects of control coupling
alone are shown in Fig. 37(a) where Mp = -Lq = 0. These data indicate no
significent increase in Mc5 for a change in control coupling ratios from O
to Mga/Lga = -Lge/Mse = 0.5. Recall that for satisfactory pilot ratings
control coupling ratios should be kept below 0.25 (Section III.A.5).
Consequently, the results in Fig. 37(a) indicate that for acceptable levels
of control coupling, the control-moment usage is not changed significantly
from that for no control coupling.

However, the results in Fig. 37 shav that rate conpling does influence
control-moment usage. By comparing the fixed-base data for no control
coupling across Figs. 37{a), (v), and (c), it can be seen that pitch
control-moment usage increases with rate coupling level. Rate coupling
levels greater than = -Lq = 1 gppear to be unacceptable if satisfactory
flying qualities are to be achieved (Section III.A.4). The results in
Fig. 37 would indicate that such rate-coupling levels could result in
approximately a lO-percent increase control-moment usage.

g. Subtask

Four major subtasks were performed by each pilot during the control-
moment -usage study --- maneuvering or air taxi, quick stop, turn-over-a-spot
and hover. Two of these, the maneuver and quick-stop subtasks, could be
further subdivided according to the direction (longitudinal or lateral) in
which the subtask was verformed. The effects of each subtask on the 5~
percent control-moment-usage level can be seen in Fig. 38 and Table C-I in
Appendix C. These data were all obtained for tiae 3.4 ft/sec turbulence

48




intensity level and with the 10-kt mean wind from the north. Note that the
aircraft was always headed into the wind except for the turn maneuver.

The subtask for which the pitch and roll S~percent exceedance level was
most often the largest was the quick stop (Fig. 38); the next largest values
were for the maneuvering subtask. The lowest levels (pitch and roll) were
most often recorded for hover and the next lowest for the turn subtask. The
quick stops involve somewhat larger maneuver rates than air taxi and these
rates are arrested abruptly. Consequently, it is not surprising that the
largest control moments were used there. Hover, on the other hand, generally
requires smaller control inputs and the pilots tended to make fewer inadver-
tent inputs for this subtask. This was generallyv the situetion for turn as
well, except that the pilots at times introduced large pitch and roll atti-
tudes for lightly dampced configurations, e.g., BC2 and BC3.

‘‘he combined contro.-moment-usage levels are shown with the maneuver
and quick-stop subtasks divided into their longitudinal (x) ana lateral (y)
components. The lateral quick stops resulted in the largest S5-percent~
exceedance levels for combined usage and the next largest levels were used
for the lateral maneuvers. The combined usage for lateral maneuvering and
quick stops may have been larger than that for the same longitudinal sub-
tasks because the lateral subtasks required appreciable control moments
while pitch moments were also necrssary to compensate for the mean wind.
For the longitudinal subtasks pitch moments were needed to perform the
maneuvers in the mean wind but roll inputs were small. The lowest levels
for simultaneous usage were recorded for the hover task,

h. Simultaneous Usage

An indication of the pilot's tendency to make pitech and roll control
inputs simultaneously can be obtained by comparing the sum of the moment
levels used for the individual axes with the actual simultaneous usage
levels, If the S5-percent-exceedance moment levels for pitch and roll are
added, the resulting control moment is that level which would be exceeded
5 percent of the time if the pitch and roll control moments were used
simultaneously. The sum of these levels then represents a theoretical
maximum for simultaneous moment usage. Also, a practical minimum level for
combined usage can be developed if it is assumed that the pitch and roll
inputs are independent, i.e., that the pilot does not intentionally correlate
his pitch (roll) inputs with the roll (pitch) control motions.

Curves representing the hypothetical maximas and minima for the simul-
taneous control usage 5-percent exceedance level are shown in Fig. 39 along
with the 5-percent moment levels for actual simultaneous usage. The results
presented for all six configurations are for the hover subtask only (Table
C-I in Appendix C). Similar data were not available in sufficient quantity
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for the other subtasks. The levels representing the upper curve indicate
the 5-percent moment levels which would occur if all the pilot's pitch and
roll inputs were made simultaneously. The points on the lower curve are the
square root of the appropriate sum of the squared S5-percent levels for pitch
and roll. That is, it was assumed that the pitch and roll control moments
vere independent and could be represented by Gaussian probability distribu-
tions (the nearly linear curve for hover in Fig. 5 indicates that the
Gaussian assumption is reasonable). It can be shown, then, that the square
root of the sum of the squares of the individual S5-percent levels represents
the simultaneous usage 5-percent level. The remaining curve in Fig. 39
shows the S5-percent levels for actual simultaneous control usage. This
curve lies about midway between the two extremes. These results would
indicate that, for the hover subtask at least, the minimum total installed
control moment for both pitch and roll could be set somewhat less than the
sum of the maximum used for individual axis control. However, this total
level must still be greater than a level which would be satisfactory for
single-axis control.

2. Percent Time Control Moment Commands Exceed Limits

The control-moment limit study (Section III.A.3) was conducted to
determine (1) acceptable levels of installed moments for several V/STOL
configurations (BCl, BCk, BCS and BC6) and (2) whether these limits
correlated witn the 5 percent exceedance levels measured with unlimited
control moments. It was found in that study that control moments greater
then the 5-percent levels were needed for pilot acceptance. The results
presented here give some indication of the acceptability of installed con-
trol moments in terms of the percent time the total control command
actually exceeds these limits.

Figure 40 contains plots of the percent time total pitch and roll
control commands exceeded the installed moments during the maneuvering sub-
task versus the magnitude of the installed moments (Table C-III in Appendix
C). These maximum available control moments, CMp, are stated as multiples
of the average moment levels exceeded 5 percent of the time with unlimited
available moments, CMs. Note that CMg is different for each basic config-
uration. As would be expected, the percent time the total moment command
exceeded the installed moments decreased as CMm became larger. However,
the exceedance percentages become very small as CM, approaches those levels
needed for pilot acceptance {CMjy ~ 1.2 to 1,3 CM5 for BCL, ~ 1.0 CMg for BC5
and ~ 1.2 to 1.3 CMs for BCk and BC6). For pitch control the exceedance
percentages at acceptable CMy range from about 1.5 percent (average fixed-
and moving-base results for BCl) down to almost zero. For roll control the
percentages are about the same magnitude. It would appear from these limited
results that for pilot acceptability, installed controil moments must be set
at levels which will not be exceeded often in flight.
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3. Control -Moment Usage for Independent Thrust-Vector Control

e e LA At

Independent thrust-vector control might be expected to reduce the
requirements for centrol moments since it eliminatés the need to change
attitude in order to maneuver the aircraft. However, control moments are
still required to attenwate the attitude response to gusts and trim the :
moments due to airspeeds (developed from maneuvers and the mean wind) acting g
on the speed-stability parameters. Pitch control-moment- and thrust-vector-
angle-usage data are listed in Table C-V in Appendix C.
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In Fig. 41 the pitch and cor.trol-moment S-percent exceedance levels for
ITVC and conventional pitch attitude control are piresented for configurations
BCl and BCk. For both configurations the value of My for ITVC is consis-
tently somewhat smaller than that for conventional asttitude control.

Exceedunce computations were also performed on messured thrust-vector-
angle data from the study of ITVC (Table C-V in Appendix C). For the turn
maneuver with configuration BCl the S-vercent thrust-vector-angle exceedance
levels ranged from approximately 2 to 8 deg.

Ly, Control -Moment Usage for Rate-Command/Attitude-Hold Control

Pitch control-moment-usage results for the rate-command/attitude-hold
control system are shown in Fig. 42 for three values of the natural frequency
of the oscillatory dynemics (w, = 2.8, 3.4l and 6.3 rad/sec) and several
levels of the damping ratio,{ . These data are presented for test cases
heving the basic airframe stability derivatives of configuration BCl. As
the damping ratio was increased for both w, = 2.8 and 6.3 rad/sec, the
configuration became easier to control and the 5~percent exceedance moment
level decreased. However, for the two test cases yielding the best fixed-
base ratings (@n = 3.h4, {=0.87, PR =L and @ =6.3, [ =0.47, R = 2.5)
the fixed-base S-percent moment usage levels were still greater than the
corresponding levels for BCl with conventional attitude control (see
Fig. bi).
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SECTION IV

RESULTS OF HEIGHT CONTROL STUDIES

The height control results are discussed in two parts. In part A, the
flying qualities data, i.e., pilot opinion retings and control sensitivities,
sre discussed end compared with the applicable paragraphs of MIL-F-83300.

In part B, the measured thrust-usage date are described. Background material
on the experimental design and procedures are contained in Section II. The
flying qualities deta, pilot comments and measured thrust-usage results from
the UARL pilot evaluations are summerized in Appendices A, B and C, respec-
tively. Results from the Calspan pilot evaluations discussed in this section
are sumarized in Appendix D.

A, Flying Qualities Resultbs

Four separate investigations were conducted during the height control
study., These investigations were concerned with (1) the effects of height
velocity demping with effectively unlimited thrust-to-weight ratio, (2) the
interaction between height velocity damping and thrust-to-weight ratio,

(3) lags and delays in the thrust response, and (4) incremental thrust
through stored energy.

1. Height Velocity Demping

8, Pilot Opinion Ratings

The effects of height velocity damping, Z,, on pilot opinion for effec-
tively unlimited thrust-to-weight ratio, T/W>1.15, are presented in Fig, 43
and sunmarized in Table A-IX (Cases HZl through HZY and HZ25 through HZ28).
Date are shown in Fig. 43 for one Calspan pilot and two UARL pilots. The
Calspan pilot evaluations were condueted with no simulated winds end with
the simulstor in the moving-base mode, while the UARL pilot resulis were
obtained for fixed- and moving-base simulator operation and the standard
wind simulation (10-kt mean wind from the north and 3.4 ft/sec gusts along
the aircraft x and y body axes). The configurations simulated during these
evaluations were BCL and BCH which both have Level 1 longitudinal and
lgteral flying qualities. The rabings from all three pilots are unsatis-
factory (and quite similar) for less damping than soout Z; = -0.35 per sec.
For Z; = O the ratings ranged from 8 to 10 and the pilots all commented
that stabilizing aircraft vertical motion was extremely difficult. They
also indicated that it would probably be impossible to perform any cther
task, such as a lateral air taxi, in addition to countrolling height (see
Appendix B, Teble B-VIII). The improvement in rating with increased levels
of height velocity damping correlates well with the associated reduction in

Preceding page blank
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response to height errors are shown in Fig. 4. Pilots must compensate for
these lags at frequencies important to closed-loop height control (0.5 to
1.0 rad/sec; Ref. 7). Tt is apparent in Fig. 44 that the lead requirements
diminish with additional Z,.

!
requirements for pilot lead compensation, The phase lags in the neight ;
f

v
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The specification for minimum height velocity damping (varagraph 3.2.5.4)
indicates that, for effectively unlimited T/W (T/W=1.10), satisfactory
height control characteristics can be obtained with Z; = 0. The results in
Fig. 43 indicate that the flying quaslities are unacceptable without height
velocity damping. If the pilot's only task were to control height he may
be able to stabilize the altitude loop with Z, = O. However, the UARL :
results indicate that if he is also expected to perform tasks involving
longitudinal, lateral or directional motion, altitude errors of at least
$20 £t could be expected, In addition, the precision with which the other
tasks could be performed would be seriously degraded by the attention which
would have to be given to height control.
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b. Collective Control Sensitivities

Cww s

Pilot-selected conbrol sensitivities from the investigation of height
velocity damping are shown in Fig. 45. The sensitivities change little with
Z, although there is a tendency for them to become larger as damping is
increased, The minimum permissible MIL-F-83300 boundaries for collective
control sensitivity are also plotted in Fig. 45. These boundaries are
stated in terms of achieving a climb rate of 100 £t/min 1.0 sec after an
abrupt 1-in. control input. Consequently, the boundaries inc.ease as the
demping is increased. The control sensitivities from this study all lie
well within the allowable range, but they are much closer to the minimum
boundary than the moximm, The maximum permissible collective control
sensitivities range from Zg, = 12.5 to 18.1 as Zy; changes from O to -0.8.

2. Interaction Between Height Velocity Demping and Thrust-to-Weight
Ratio

Figure U6 conteins results which demonstrate the interaction between
Zurs T/W and pilot retings. These data are also listed in Table A-IX,
Cases HZ1 through HZ28. 1In Fig. 46 pilot ratings are presented on a plot
of totel height velczity damping, Zypps VErsus T/W o Similar plots of the
results from other height control studies were used tc formulate height
control power requirements for MIL-F-83300. The data on Fig. 46 were
obtained for UARL and Calspan pilots end for fixed- and moving-base flight
simulator operation. The basic configuration evaluated was BCl, For most
of the date points, Zyy, consisted of equal parts of aerodynemic (Zy,) and
SAS (Zws) height velocity damping. However, as indicated in Fig. 46 some
of the cases were evaluated with either Zwa or Zyg (but not both) set to

]

Jﬁﬁ
s
- P LG Jr
EIET AT S Y N




zero. It should be noted that ZWs is provided only within the available
T/W. That is, thrust used for damping is instantaneously unaveilable for
control. Also shown in Fig. 46 are Level 1, 2 and 3 boundaries for height
control power from MIL-F-83300.

A definite trade off hetween the effects of T/W and on pilot opinion
is indicated by the results in Fig. 46. For example, aszg$w is increased
at constant ZWT’ retings generally improve. Conversely, as the damping is
increased for a given T/W, rating also generally improves. These effects
tend to justify, to some extent, the shape of the MIL-F-83300 boundaries.
However, the data in Fig. 46 are not in complete agreement with these
boundaries. One notable exception occurs for the Level 1 boundary at T/W =
1.10 where the UARL results would indicate that total damping greater than
-0.25 is necessary for satisfactory ratings. That is, the boundaries in
Fig. 46 imply that a T/W>1.10 is required for a satisfactory rating at

Zyp = O. However, the results shown previously in Fig. 45 indicate that
even an "unlimited" T/W will not provide satisfactory ratings for ZWT = 0.
The UARL dete would indicate, then, that another boundary line which
excludes damping levels smaller than -0.25 should be added to Fig. 46, If
this boundary were present the UARL data would also support the movement

of the line separating Level 1 and 2 regions to the left. That is, it
appears that for a given ZWT less T/W is needed to place a ccfiguration in
a Level 1 category than MIL-F-83300 requires.

The interaction between aerodynsmic, Zy,, and SAS, Zyg, height velocity
damping shown in Fig. 46 merits discussion. A decelerating force which is
proportional to descent velocity is available to arrest sink rates in air-
craft which have Zy; . Such force may have an appreciable effect on height
control for aircraf% with limited installed T/W. This increased decelerating
force is not available in aircraft with only Zy,. Ratings showing the
effects of Zy, and Zyg» with T/W as a parameter, sre presented in Fig. 47.
For all the cases shown, the total damping was Zyp = -0.25, but the relative
amounts of Zy, and Zy, were varied. For T/W = 1.02 it appears that the
improved ability to arrest sink rates resulting from increased &y, had a
significant impact on flying qualities. As Zg, was changed from O to -0,25,
pilot rating improved by two units. As T/W was increased the decelerating
force from Zy, became less important since the pilot had sufficient T/ to
adequately ascend and arrest descents. This is reflected in the smaller
change in rating over the same Zy, interval for the larger T/W values. In
fact, the moving-base ratings for T/W = 1,10 show almost no variation with

Birg,

3. lags and Delays in Thrust Response

The effects on pilot rating of first-order lags and a 0.l-sec delay in
the thrust response are presented in Fig. U8 and Table A-X (Cases HLL through
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HI8). Two values of lag time constant, 7, = 0.3 and 0.6 sec were evaluated
gt three levels of ZWT: -0,25, -0.35 and -0.50, The thrust-to-weight ratio
was held constant at 1.05 and configuration BCl was used for the longitudinal
and lateral flying qualities. Except for By = ~0.50, rating deteriorates
with increasing 7y,. The decrement appears to be related to Zyp as well as
the change in 7, (Fig. 48). That is, rating is somewhat less sensitive to
Ty for the higher damping levels. The upward shift in the curves with

is expected since the phase lag in height response at any given 7,, and
hence the pilot's lead compensation, decreases witl. increasing damping (see
Fig. Uh4). Note also, that the addition of a 0.l-sec delay had little effect
on rating (Fig. 48). Pilot rating for Zypp = -0.35 with dy = 0.1 sec and

T = 0 is equal to that for no delay, and for 7, = 0.3 the rating with a
0.1-sec delay is only a half unit poorer than for no delay.

The specification for lags in thrust response (paragraph 3.2.5.2) is
phrased in such a way thet, with no delays, a first-order control lag time
constant of up to 0.3 sec is permissible. For & d, = 0.1 the specification
would permit & lag of m, ~ 0.2 sec. The UARL data in Fig. 48 would indicate
that the specification is reasonable, providing the aircraft has a Zy, of
at least -0.25 to ~0.35 per sec. This is the range of minimum values of
demping found to be acceptable in the height control studies with no lags.
The previous results (e.g., Fig. 43) would indicate that for =0,

T™h = 0.3 would be completely unacceptable. Also, the specification does
not account for the reduction in phase lags contributed by T, or d,, and
the associated improvement in rating, which can be achieved with increased

levels of Zym. This effect is illustrated in Fig. 48 and is discussed in
detail in Ref. 7.

4,  Incremental Thrust Through Stored Energy

The effects of incremental thrust through stored energy (see Section
II.A.2.4 for background) were investigated with a height control configure-
tion that was unsatisfactory without the stored energy contribution. How-
ever, the Jongitudinal and lateral dynamics were quite easy to control
(configuration BCl)., For height control the installed T/W was only 1.02
and Zym = Zyg = -0.35, i.e., the pilot had no additional decelerating force
from Zwa when descending. Without the incremental thrust from stored energy,
height control was unsatisfactory (FR = 4). The change in rating was evalu-
ated for incremental thrust-to-weight ratios of AT/W = 0.13 and 0.28 and for
decay time constants of 74 = 0.05, 0.10 and 0.20 sec (Cases HS1 through HS5,
Table A-X). With ATVW‘= 0,13, an improvement in rating was not evident until
Ty = 0,20 (Fig. 49). For the larger thrust increment, AT/W = 0.28, a general
improvement in rating occurred for 7, = 0,10 sec. For both the AT/W = 0.13,
T, = 0.20 and AT/W = 0.28, T, = 0.10 combinations, the ratings improved by
about one unit to FR = 3.0, TFor effectively unlimited T/W, the rating was
2.5. The results indicate that for 73 values which might be typical for

helicopters, i.e., T = 0.10 to 0.20 sec, the effects of incremental thrust
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through stored energy cen be significant. It should be noted, also, that
for height control the pilot probably does not use the stored energy effects
to their fullest aovantage. Height control generally involves low-frequency
control motions; consequently, the stored energy in the rotor system is not
used as often as it is for pitch and roll control.

5. Effect of Motion and Pilot Ratings for Height Control

Fixed-base (FB) and moving-base (MB) pilot ratings for height control
are compsred in Table XII., The FB ratings for the different test casec are
categorized by general rating level (satisfactory, unsatisfactory and un-
acceptable). The associated MB ratings are then tabulated according to
whether they were better than, equal to, or worse than the FB ratings. The
results in Table XII are mixed and only for the unsatisfactory FB rating

TABIE XII

EFFECT OF MOTION CUES ON PTIOT
RATINGS FOR HEIGHT CONIROL

Corresponding Moving-Base Rating
Fixed-Base (FB)
Rating Level, Better Than FB Equal FB Worse Than FB
Number of Ratings Number/Percent Number/Percent Number/Percent
of Total of Total of Total
Satisfactory,
1/25 1/25 2/50
N
Unsatisfactory,
5/72 1/14 1/14
7
Unacceptable,
0/0 2/100 o/o
2

category is a definite result indicated. Por this category the moving-base
ratings were generally better than the corresponding fixed-base data, It
would appear that motion helped in the control of these more difficult test
cases. 1t may be that the motion was more beneficial for height control
than for longitudinel and lateral control because the visual display provides
less information on height error than it does for these other two axes,
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Consequently, motion cues would have helped nmore for height control. This
effect may not have been evident for unacceptable FB ratings because the
rating scale becomes less sensitive to such effects due to its implicit non-
linearities for the unacceptable region. That is, for test cases which are
very difficult to control the differences between 7 and 8 or 8 and 9 ratings
are not easy to establish and pilots tend to rate such cases similarly.

B. Thrust Usage

Thrust-usage data were obtained which show (1) the effects of Zs
(2) the percent time that pilots attempted to exceed the installed thrust-
to-weight ratio, and (3) the effects of lags. The thrust exceedance results
were computed using only the pilot and total thxrust commands for which
T/W:>1. These are the collective inputs which are used to accelerate upward
and to arrest sink rates, Also, thrust usage levels are given in terms of
incremental thrust-to-weight ratio, i.e., (T/W-1).

l. Height Velocity Damping

The effects of total height velocity damping, ZWT, on the level of incre-
mental thrust-to-weight ratio exceeded 5 percent of the time are shown in
Fig. 50 and listed in Teble C-VII. Results are shown for both the collective
command, Zs.-dc, and the total thrust command, Zg.-dc + Zyg W. Three levels
of ZWT (0, -0.25 and -0.5 per sec) were evaluated for effectlvely unlimited
T/W (T/W>1.15)., The date in Fig. 50 show that Zyp hes e significant effect
on the 5-percent exceedance level, (T/W-l)5 The 5-percent level for

= 0 is as much as six times that for ZWT of -0.25 or -0.5. CObviously,
the stability augmentation system makes much more efficient use of the
installed thrust tnan the pilot. Also, there generally seems to be little
difference between the exceedance levels for ZWT = -0,25 and -0,50. It
would appeer that increasing Zy, above what is a minimm satisfactory level
(eege, Ty ~ -0.25) does not lead to significant changes in thrust usage.
Note also that for relatively well damped cases, ZWT = «0.25 and -0.50, the
largest thrust levels are used for the landing sequence. This is to be
expected, since for this subtask the pilot intentionally mekes several large
altitude changes. For Z, = 0, however, large thrust levels ere used for
other subtasks in which tge pilot is merely attempting to maintain constant
altitude. Normally, large velues of (T/w;l) are not needed for such control
if the height dynamics are acceptable to the pilot.

2. Limits on the Installed Thrust-to-Weight Ratio

The effects of limiis on the installed thrusi-to-weight retio are dis.
cussed in terms of the percent time pilots attempted to exceed the incre-
mental T/w available. The collective control was not physically constrained
at the thrust limits for this study. The thrust limits were evident only
in the way they affected height control. Consequently, if the pilof felt he
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needed more thrust, he tended to move the collective lever accordingly,
whether or not the installed T”N had been exceeded. Results are presented
in Fig. 51 for two levels of Zy, (-0.25 and -0.50) with T/W as a parameter.
For Zp, = ~0.25 (note that = = o 3 for the T/W = 1.05 data) the two types
of commended thrust, Zj. dc and 2oy 6o + Zyg W, both exceeded the T/ = 1,02
level a large percent of the time. Fifty percent was not uncommon for

Zéc dc and 20 percent was typical for the total commanded thrust. However,
the percentages for T/W = 1,05 were mich smaller. More often than not, the
T/W 1.05 level was never exceeded. The results for Zy, = -0.50 show the
same trends, but the percent time a given level is exceeded is smaller. For
example, the maximum percent time that T/W = 1,02 was exceeded for any sub-
task was 30 percent. Also, the only time that T/W = 1.05 was exceeded was
for the landing sequence and the percentage there was relatively low. These
results provide another example of SAS making more efficient use of thrust
than the pilot.

3. Thrust Response lags

Some limited data showing the effects of an acceptable first-order lag
in thrust response (7, = 0.3) are presented in Fig., 52. For these results
ZWT is -0,25 and T/W is 1.10. The S-percent exceedance levels are generally
somewhat larger for T = 0.3 (and appreciably larger for the y-maneuver
subtask) than for the no lag case. However, these data are too limited to
permit the conclusion that significantly more thrust is needed for height
control systems with lags.
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SECTION V

RESUITS OF DIRECTIONAL CONTROL STUDIES

The results of the directional control studies are presented in two
parts. Pilot ratings and pilct-selected control sensitivities are discussed
and compared with applicable paragraphs cf MIL-F-83300 in part A. In part B
the measured yaw control-moment data are discussed. Background information
related to the directional control experiments is contained in Section II.
The flying qualities deta, pilot comments, and control-moment data are
7 summsrized in Appendices A, B and C, respectively.

A. Flying Qualities Results

Three different studies were conducted during the directional control
program. These studies consisted of evaluations of the effects of (1) yaw
rate damping, (2) control system lags and delays, and (3) limits on yaw
control moment.

1. Yaw Rate Damping

Pilot rating is plotted versus yaw rate demping level, N., in Fig. 53(a)
for configurations BCl and BC2. Note that these ratings are for directional
control only. Three vasues of N, (0, -0.5 and -1 per szc) were evaluated st
N, = 0.005. Pilot rating was merginally unscceptable (PR~6.5) for N, = O
and marginally satisfactory (PR = 3.5 to 4) for N, :- -0.5. Ratings improved
to about 2.5 with N, = -1 for both BCl and BC2. Recall that BC2 has Level 2
longitudinal and lateral characteristics and such dynamics result in an
increase in overall pilot workload. It might have been expected, therefore,
that a degradation in pilot rating of the directional flying qualities could
result. However, this was not the case. The reason for the improvement in
rating with damping level can be interpreted in terms of the pilot lead
compensation necessary for good closed-loop directional control character-
istics. As for height control, the directional lead compensation require-
ments are related to the open-loop phase lags of the directional dynamics
(and the pilot dynemics) in the frequency range of 0.5 to 1 rad/sec (Ref. 7).
These phase lags are shown in Fig. Sh. It is apparent that the need for
lead compensation is diminished as N, becomes more negative.

|
t%
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The MII-F-83300 requirement for directionel damping (paragraph 3.2.2.2)
states that for Level 1 flying qualities the yaw mode must be stable with
a time constant no greater than one sec. This is approximately equivalent
to specifying N, = -1 for Level 1 flying qualities and the UARL results in
Fig. 53(a) show that satisfactory ratings result for such a value. The
data also indicate that a somewhat lower damping level of about -0.5 per sec
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may provide satisfactory directional control for N, = 0.005. However, the
value of N, can be larger than 0.005 for heiicopters and V/STOL aircraft.
Since directional flying qualities generally deteriorate with increasing N,
(Ref. 7), the N, = -1 Level 1 requirement appears reasonable.

Control sensitivities selected by the pilots during the yaw rate damping
study are shown in the following list along with the minimum and maximum
values permitted by MIL-F-83300. The UARL data from the two pilots and the
moving- and fixed-base eveluabions have been averaged.

MIL-F-83300
UARL Boundaries for Nér
N. Nbr Minimm Maximm
0 0.207 0.210 0.804
-0.5 0.236 0.2kl 0.935
-1 0.299 0.282 1.080

The UARL control sensitivities almost match the lower boundary values from
MIL-F-83300 and, consequently, they are well below the upper limits for N6r.

2. Control Lags and Dalays

First-order lags in yaw response to the pilot's pedal inputs having
time conctents of T, = 0.1, 0.3 and 0.6 were evaluated with and without a
0.l-sec time delay. Two values of N, (-0.5 and -1) were used with configura-
tion BCl providing the longitudinal and lateral dynamics. Pilot ratings
from these cases are shown in Fig. 53(b). There is a consistent deteriora-
tion in rating with lag time consteut fe both M, = -0.5 and -1. Also,
the AFR due to the different N, values remains about the same for all 7y,
i.e., the ratings for N, = -1 are consistently about 1 unit better. The
additicn of the 0.l-sec delay did not change the ratings significantly
(Fig. 53(b)). The effect of the lags and the different N, values can once
more be rationaliized in terms of the required pilot lead compensation. The
phase lags encountered in directionadl control increase with 7, which in turn
increases the requirement for pilot lead compensation and tris causes pilot
rating to deteriorate. Increasing the damping level, N,, reduces the phase
lags and thereby improves the pilot's rating at a given value of‘qp.

The results in Fig. 53(b) show that for a Level 1 value of N, (-1),
first-order lags with time constants of up to ﬂﬁ = 0.3 are acceptabie. The

62

" - N R DL SEETR
R ST 5T L L S LA U oY £ Xomt e AL A, IV, A P £ B e Y M R S s DR i e bt TSR A TR R AR A

<id.

e DA TauNE et e afieath IR TR Wkt Mt 2R 2R S

e

[N

3w derve s

i&:: o e K3 B IS i P



specification for directional control lags (paragraph 3.2.4) is written in

terms of an allowable time within which the initial maximum yaw acceleration
mist occur (ty < 0.3 sec). The value of t¢ for the lag cases evaluated
(with and wit%g%¥ dy = 0.1 sec) with N, = -1 are sumerized in the following

list.

Ny Rb qﬁ t'ﬁma.x R

-1 0.1 0 0.24 3
0.1 0.34 2

-1 0.3 0 0.51 3.5
0.1 0.61 3.8

-1 0.6 0 0.86 4.3
0.1 0.9 4,7

Without delays the specification excludes 7u,= 0.3 (tﬁmax = 0.51>0.30)
although this test case was rated satisfactory. Also, the specification
permits a 0.l-sec delay which the UARL data  ndicate i1s reasonable. How-
ever, if dy, = 0.1 is present a O.l-sec increwent is added to t%max' As a
result, some combinations of 4, and T which are acceptable to the pilot,
e.g.y, Tyy= 0.3 and 4y = 0.1 are made to appear even more unacceptable in
terms of the MIL-F-83300 requirement. Thet is, &y, = 0.61 for Ty = 0.3
and dy = 0.1 which is twice the allowable tfhyay velue (0.30), yet the
averaged rating for this case is almost on the satisfactory boundary

(FR = 3.8). The control lag specification (paragraph 3.2.4) assumes that
the time tc maximum angular acceleration limit of 0.3 sec is applicabie
to pitch, roll end ysw motion. It was shown previously (Section III.A.2)
thet this requirement is adequate for first-order lags in pitch and roll
response. However, it appears that a longer time to maximum anguler
acceleration is appropriate for yaw.

3. Control~Moment Limits

Yaw control-moment limits were evalusted to determine acceptable values
of installed yaw moment for the UARL tasgk. The total ysw control. moment
was limited, but pitch and roll control moments were effectively unlimited,
This evaluation wes conducted ror two values of N, (-0.5 and -1 sec) with
configuration BCl. The reference value for yaw moment was the average
level exceeded 5 pervent of the time for the turn subtasks conducted during
the turbulence intensity study (ﬁES = 0.10). Note that this value of ﬁ&s
was appropriate only for configuration BCl. Iarger values were recorded
for other configurations (see Section III.A.3). Pilot ratings from this
study sre presented in Fig. 55. For the Level 1 value of N, (-1) an
installed yaw control moment of Néﬂ{ulw3 ﬁ;s was necessary for pilot
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acceptance. Wéﬁh N, = -0.5 the required value for N, was considerably
larger (=1.6 Nbs). Tf nominzl lateral maneuvering velecities of 15 f£%/sec
are assumed, MII-F-83300 requires that the installed yaw control moment be
approximately 0.31 rad/sece.

found to be necessary with configuration BCl. However, as mentioned pre-

viously, the levels of yaw control moment used varied among the different

Level 1 configuretions (W,. = 0.175 for BCY and 0.15 for BC5). If it were
assumed that for configuration BCY4 the required installed No = 1.3 Noe,

°n
then N would have to be 0.228 rad/secg. This value is also less thag
the 0.31 rad/sec® specified by MIL-F-83300.

4. Effect of Motion on Pilot Ratings for Directional Control

Fixed-base (FB) and moving-base (MB) pilot ratings for directional con-
trol are compared in Table XIII. The method of comparison is similar to

TABLE XIII

FFFECT OF MOTION CUES ON PILOT
RATINGS FOR DIRECTIONAL CONTROL

This level is well in excess of the 0.13 rad/sec

Corresponding Moving-Base Rating
Fixed-Base (FB)
Rating Level, Better Than FB Equal FB Worse Than FB
Number of Retings Number /Percent Number /Percent Number /Percent
of Total of Total of Total
Satisfactory,
2/ko 1/20 2/40
5
Unsatisfactory,
5/62.5 1/12.5 2/25
8
Unacceptable,
1/100 0/0 0/0
1

2
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that described previously for the height control ratings. The effect of

motion or the rating results is also quite similar to those for height con-
trol. That is, motion had little effect for satisfactory FB ratings, but
improved the ratings for test cases which were more difficult to control
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(i.e., those which were rated unsatisfactory and unacceptable with no motion).
As for height control, the reason for the improved ratings with motion may
have been the improved cues whirh resulted for heading. This effect would

be expected to be more significant for heading control than for longitudinal
and lateral control. This is because the visual display prcvides much

better control cues for longitudinal and lateral control than for directional
control.

B. Control-Moment Usage

Two of the three investigations related to yaw control-moment usage
were based on data obtained with unlimited yaw moment available. The
effects of Ny and control lags were evaluated in these two studies. The
third study was concerned with the percent time the total yaw control
command exceeded the installed moment. Only results for the turn subtask
were considered in the control-moment-usage investigations. Very little
yaw control moment was used for the other subtasks.

1. Yaw Rate Damping

The effects of N, on the 5-percent yaw moment exceedance levels are
displayed in Fig. 56(a). As was the case for pitch, roll and height con-
trol, the S-percent level for yaw moment decreases with increased damping.
Again, it is apparent that with increased levels of stability cugmentation,
more efficient use is made of the available control moments.

2. Control lags

The percent-time reference yaw moment levels were exceeded was computed
from the moment date for Ty = 0.3 with N, = -0.5 and for 7, = 0.3 and 0.6
with N, = -1. The moment levels exceeded 5 percent of the time are presented
in Fig. 56(b). For both levels of N, there was a significant increase in
the 5-percent-exceedance value, No., when a first-order lag of 0.3 sec was
added to the control system. A further increase in No. was observed for a
lag of 0.6 sec. The increase in No- is approximately 50 percent for the
addition of Ty = 0.3 sec with N, = -1, The results in Fig. 53(b) indicate
that this combination yields satisfactory flying qualities. If satis-
factory levels of control lag can cause this large an increase in the yaw
control-moment usage, it would appear vprudent not to change the MIL-F-83300
specification for installed yaw moments. Without control lags the MIL-F-
83300 requirements anpeared somewhat larger than the yaw control moments
found necessary for pilo: acceptance in the UARL studies (Sections V.A.3
and III.A.3).
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3. Control-Moment ILimits

The percent time that total yaw control-moment commsnds exceeded the
instelled moment limits are showrn in Fig. 56(c). These percentages were
computed from yaw control-moment-usage data for the moment limit values
evaluated in the study discussed in Section V.A.3 (Mo, = 1.0 Tecs 1.3 T
and 1.6 N Nes where o 0.10). As would be expected, the percentages de-
creased as the 1nst&iled yaw control moment increased. Also, these results
show that the yaw control-moment level which was acceptable to the pilots,
Nep = 1.3 T, was exceeded 5 percent of the time., Recall that the refer-
ence, Vé 8 10, was the averaged 5-percent exceedance moment level for
all the gata measured during the turn subtask in the turbulence study
(Section III.A.1), when essentially unlimited control moment was available.
The larger 5-percent level from the yaw limit study, Nb = 0,13, may have
resulted from the pilot's tendency to hold in lsrge pedal inpubs which
exceeded the yaw control-moment 1limits. This was done in aa attempt to
command ircreased yaw control moment. For unlimited yaw control moments
available the aircraft responded to these large inputs and the pilot did
not hold the pedal command as long.
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SECTION VI

SUMMARY OF PRINCIPATL RESULTS AND
RECOMMENDATIONS FOR FURTHER RESEARCH

A, Flying Qualities Results Pertaining to the Development of MIL-F-83300

1. Iongitudinel and Iateral Control

a. Turbulence Effects

The Level 1 reguirement for V/STOL piteh, roll and yaw dynamic response
(paragraph 3.2.2) appears to provide aircraft dynamics which remain quite
controllable for nominal increases in turbulence intensity. Pitch and roll
control sensitivities selected by the pilots at the largest turbulence in-
tensities consideved (0 =0y = 8.2 ft/sec) remained well within the
specification boundaries  (paragraph 3.2.3.2) and were much closer to the
minimum required levels than to the maximum limit. These results and pre~
vious UARL experience would indicate that the upper control sensitivity
limits would result in aircraft response which might be difficult to centrol.

b. Control. lags and Delays

Tre specification for control lags (paragraph 3.2.4) adequately separated
unsatisfactory levels of first-order lags in pitch and roll control response
from those which did not significantly degrade pilot ratings for Ievel 1 con-
figurations (i.e., those that met the Level 1 requirement of paragraph 3.2.2
of MIL.F-83300) evaluated in this study. Pilot ratings also show that per-
mi.tting a 0,l-sec delay in control response, as the specification does, is
reasonable, However, limited results for second-order control lags indicate
that tlie specification may not be sufficiently general to apply to second-
order control lags. Confrol sensitivities selected in this study were gen-
erally neer, and sometimes below, the minimum MIL-F-83300 boundary. It may
be appropriate to lower both the minimum and maximum control sensitivity

boundaries somewhat.
c. Control-Moment Requirements

The pitch and roll control-moment requirements from MIL-F-83300 (para-
graph 3.2.3.1) generally equelled or exceeded those levels found to be
necessary in this program for the Level 1 and 2 configurations considered
(without control system lags or delays). Also, the specified control
moments were generally not excessive. The addition of control system
lags and delays increased the zcontrol moments found to be necessary for
satisfactory ratings, and the wording of paragreph 3.2.2.1 also provides
for chis effect. However, the specification ccrtrol-moment requirements
nay be excessive for control systems with acceptable lags.
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d. Control Moments Through Stered Energy

It appears that rotor-propulsion system angular momentum can be used
to offset, to some extent, deficiencies in the installied control moments.

However, additional research is required before consideration can be given
to accounting for its effects in MIL-F-83300.

e. Inter-Axis Motion Coupling

Pitch and roll rate coupling and control coupling can cause an appre-
ciable deterioration in V/STOL flying quaelities. Results from this study
indicate that rate coupling levels rmst be no larger than Mp =1 and/or

Lg = -1 per sec for satisfactory flying qualities. Control —zoupling ratios

should be limited to Ls, and/or L less than about 0.25. The
08, be/ "de

control sensitivity specification does not have to be changed to account
for motion coupling.

f. Independent Thrust-Vector Control

Thrust-vector control independent of aircraft attitude can be an
acceptable substicute for conventional attitude control when properly
implemented. For large aircraft with Level 1 pitch and roll dynamics, the
use of ITVC should provide satisfactory flying qualities while ensbling
the pilot to avoid pitch (or roll) attitudes that could lead to ground
strikes. For aircraft having large drag parameters, ITVC would enable

pilots to control position without the large attitude changes and trim atvi-
tude angles that result for such aircraft with conventional position con-

trol through atti*ude. However, position control for such airecraft would
remain moderately difficult, even with ITVC.

g. Rate-Command/Attitude-Hold Control

It appears that rate-command/attitude—hold control as mechanized in
this study provides no particular benefits over conventional rate and atti-
tude s¢tabilized control systems for hover and low-speed flight operations.
Also, the dynamic response portion of MIL-F-83300 (paragraph 3.2.2.1) does
not define characteristics which provide satisfactory dynamic response r'or
rate-command/attitude—hold control systems. However, the specification for

control sensitivities (paragraph 3.2.3.2) does encompass those sensitivities
needed with rate-command/attitude-hold control.

2. Height Control

a. 2y and Thrust.to-Weight Ratio

There is a definite interaction betweea Z, T/W and height control
flying qualities for T/W less than about 1.05. This result supports to
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some extent the method used in MIL-F-83300 to specify 2, and T/W (paragraph
3.2.5.1). However, MIL-F-83300 permits 2, = O for T/W 21,10, but results
frou the UARL program indicate that a minimum Z; = -0.25 to -0.35 is
necessary for Level 1 height control. Also, if this Z; level is present,
it would appear that the T/W boundary separating ILevel 1 and 2 flying
qualities could be reduced. Height control sensitivities from this study
were within the specification limits (paragraph 3.2.5.3) but were much
closer to the minimum boundary than the maximum.

b. Iags and Delays in Thrust Response

The specification for lags and delays in thrust response (paragraph
3.2.5.2) appears reasonable in view of the UARL results. Hewever, it does
not account for the ability of increased Z; to compensate for lag effects.

¢, Incremental Thrust Through Stored Energy

Results indicate that the effects of incremental thrust through stored
energy can alleviate, to an extent, deficiencies in instelled thrust. How-
ever, these data are presently too limited to permit consideration of chenges
in MIL-F-83300 to account for its effects.

3. Directional Control

2., Yaw Rate Damping

Results from this program indicate that the directional damping para-
graph in MIL-F-83300 (3.2.2.2) which requires N, = -1 for Level 1 flying
qualities is reasonable. Also, the pilot-selected yaw control sensitivities,
Ngy» almost matched the lower boundary values from paragraph 3.2.3.2.

b. Control Lags and Delays

The control lag specification (paragraph 3.2.4) should be modified to
rermit a longer time to attain maximum yaw acceleration, twmax' For accepb-

able control lags and delays, t@ﬁax was as much as twice the MII-F-83300
limit (0.3 sec).

¢, Yaw Control-Moment Requirem- .is

The specification for yaw control moment (paragraph 3.2.3.1) requires
control moments which are without exception larger than those found to be
necessary in this program, However, the yew control-moment requirements of
the specification dc not appear to be excessive.
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B. Control-Moment Usage

J. ILongitudinal and Iateral Control

Pitch and roll control-moment usage increases with turbulence intensity.
However, the increase does not scale directly with turbulence intensity,
epparently because there is a minimum level of control-moment usage which
exists without turbulence due to the moment requirement for task performance,
trim of the mean winé, and inadvertent pilot inputs. Speed stability is the
aircraft/control system configurehtion parameter having the greatest effect
on control-moment usage. The change in the 5-percent-exceedance moment
levels for a threefold increase in speed stability was much greater than
that for a factor of four change in drag parameter. Drag parameter may not
have to be a consideration in the development of control-moment criteria.
The change in control-moment usage with speed stability was also greater
than that which resulted whea aircraft pitch and roll dynamics deteriorated
(accomplished by reducing the level of stability augmentation) from Level 1
to Level 3. Control-moment usage increased with decreasing level of augmen-
tation which confirms that stability eugmentation systems make more efficient
use of control moment than does the pilot. Control lags had little effect
on pitch and roll control-moment usage, end it may be possible to eliminate
them from consideration in the development of control-moment specifications.,
Pitch and roll control coupling also had little effect on control-moment
usage, but usage did increase with pitch and roll rate coupling.

The low~speed flight task required of a V/STOL aircraft has been shown
to have an appreciable effect on control-moment usage. The 5-percent-exceed-
ance moment levzls for the quick stop are as much as 1.5 times as large as
those for hover. The expected task must be accounted for when defining
requirements for installed control moment. Also, the installed total moment
for pitch plus roll control must ve sufficient to account for simultaneous
control usage by the pilot. It cannot be assumed that pilots meke independent
pitch and roll control inputs.

Finally, it appears that specifying levels for installed control moment
by requiring that they equal those levels which the pilot would be expected
to exceed 5 percent of the time is not acceptable. However, it may be that
acceptable installed control-moment levels wouid correlate better with those
levels exceeded a smaller percent of the time.

2. Height Control

Thrust usage decreased with increased levels of height velocity demping.
ILags in the thrust response increased thrust usage; this contrasts with the
effect of lags on pitch and roll control-moment vsage. With satisfactory
levels of Z,;, installed thrust-to-weight ratios o 1.05 were seldom exceeded
and T/W = 1,10 was never exceeded.
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3., Directional Control

Yaw control-moment usage decreased with increased yaw rate damping for

the values of yaw rate damping tested, i.e., INJ<2.0. Moment usage increased

with lags in the yaw response to control inputs, however.

C. Effects of Flight Simulator Motion Cues on Pilot Ratings

For longitudinal and lateral control the addition of flight simuletor
motion resulted in poorer pilot ratings than those assigned when the same
test cases were evaluated without motion. This trend was evident for ell
cases, regardless of their flying qualities, i.e,, whether or not they had
been rated satisfactory, unsatisfactory or unacceptable without motion.

For both height and yaw control, however, the addition of motion generally
resulted in improved ratings for test cases which were rated unsatisfactory
or unacceptable without motion. For cases rated satisfactory fixed base,
the addition of simulator motion appeared to have little effect on the
pilot's rating of height or directional flying qualities.

D. Recommendations for Further Research

It is recommended that the following research be conducted to obtain
information pertinent to the further development of MIIL-F-83300.

(1) Additionsl fixed- and moving-base flight simulator studies of
control-power usage should be conducted. In these studies, the significance
of aircraft, control system and task parameters would be further evaluated
and the control-power specification would be tested in more detail.

(2) The ability of rotor-propulsion system stored energy t~ ~ompensate
for limits in installed control power should be investigated in more detail.

(3) Additional unconventional control systems such as on-off (bang-
bang) control and velocity-vector (TAGS) control should be evaluated to
determine their attributes. Modifications to MIL-F-83300 to extend its
coverage to these systems must be explored. Independent thrust-vector con-
trol should also be examined in more detail; it appears to be a promising
concept, but was only given limited study in this program.
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BASIC CONF-. BC1 BC4 BC5 BC6
SIMULATOR MODE F8 me | F8 | M8 | FB { mMB | FB | MB
SYMBOL Jo) ® a [ ] Al A 04! &
FIVE PERCENT EXCEEDANCE LEVELS, CMg FOR PITCH, ROLL, AND YAW, RESPECTIVELY, WERE:
BASIC CONF. 8C1 BC4 BCS BCE
PITCH ,ﬁ&& 0.330 0.820 0.380 0.830
ROLL,EES 0.380 0.605 0.350 0.750
YAW, N—Cs 0.110 0.175 0.150 4170

fa) LEVEL 1 CONFIGURATIONS FOR UNLIMITED CONTROL MOMENTS
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MAXIMUM CONTROL MOMENT AVAILABLE, CM,,, — RAD/SEC?

{b}) LEVEL 2 CONFIGURATION FOR UNLIMITED CONTROL MOMENTS
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MAXIMUM CONTROL MOMENT AVAILABLE, CM, ~ RAD/SEC 4
Figure 21. Pilot Rating Results for Control Moment Limits
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LAG TIME CONSTANT Teut3=0 To= T,=03 Te =T, = 0.6
SIMULATOR MODE FB MB FB M8 FB mMB
SYMBOL (o) L o » A A

0.1 SEC DELAY IN CONTROL RESPONSE FOR ALL TEGT CASES
CHy: AVERAGED 6 PERCENT EXCEEDANCE MOMENT LEVELS FOR PITCH, ROLL, YAW

e At e S EAEA L T AL P s BN LA e R A R S A A

(a) BC1 CMig = 0.330, 0.380, 0.110 RAD/SECZ FOR PITCH, ROLL, YAW, RESPECT!VELY
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MAXIMUM CONTROL MOMENT AVAILABLE, CM,. — RAD/SECZ

{b) BC5 CMg = 0.380, 0.360, 0.150 RAD/SECZ FOR PITCH, ROLL, YAW, RESPECTIVELY
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Figure 22, Pilot Ratings Showing the Effects of Control Mcment Limits with

First-Order Control System Lags
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P;a/L(;a Lgel Be Y 2 0.50
SIMULATOR MODE | FB|MBE|FB|MB|FBIME
SYMBOL ole|0|BlAl A

CONFIGURATION BC1 EXCEPT WHERE OTHERWISE INDICATED

# CONTROL AND RATE COUPLING EFFECTS ADDITIVE, I.E., CONTROL

INPUTS CAUSE ATTITUDE RATES WHICH INDUCE

COUPLING MCTICN 1N SAME DIRECTION AS CONTROL COUPLING,

UNLESS OTHERWISE NOTED

DASHED LINES INDICATE MIL—F--83300 MINIMUM SENSITIVITY BOUNDARY. SEE NOTE ON FIG. 12.

(a) PILOT RATING

PILOT RATING, PR

BC2, Mg /L5 = ~0.25,

COUPLING EFFECTS
COMPENSATE¥

} 1

0 1 2

{b) LONGITUDINAL CONTROL SENSITIVITIES, Mae

- RAD/SECZ/IN.

e

Mg

0.1

Figure 25,

a

{c) LATERAL CONTROL SENSITIVITIES, L&a

Ls, — RAD/STC2/N.

3 4

ATTITUDE RATE COUPLING, M, = ~Lg, PER SEC
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ATTITULE RATE COUPLING, Mg = —Lg, PER SEC
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Figure 27. Magnitude and Phase Characteristics for Pilot-Pitch (Roll)

Attitude Open-Loop Dynamics with Rate-Command/Attitude-Hold
Control
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) {a) SPEED—STABILITY AND DRAG PARAMETERS OF CONFIGURATION BCI
NATURAL FREQUENCY, w, | 2.0 344 | 630 I 7.40

EN S s 9 i Al W A b SO

SIMULATOR MODE F8 {m8| FB |MB{ FB | MB| FB |MB :
SYMBOL ODjm|a|alo|e® a4 :

SATISFACTORY

3 A
« e e oo — eoane e —-—— cnmm  oumt  camw e
e A
Q
<
S 5l UNSATISFACTORY
J
c
f
(o]
J
a AT aS  oEEN S GURED S | G AR e e deviee  Gumme  ewmeud

7 e

UNACCEPTABLE
9 1 1 l |
0 .7 0.4 0.6 0.8 1.0

DAMPING RATIO.
{b) SPEED~STABILITY AND DRAG PARAMETERS OF CONFIGURATION EC4

NATURAL FREQUENCY, w, 4.0 5.0 7.4

SIMULATOR MODE FB |MB]| FB [MB|FB [MB
SYMBOL olei|WiA|A

SATISFACTCRY

3} [ivoramemner] £
o« _...._.._...._....7(..- o U U
o
o
b=
g
o« 5K ®
5 UNSATISFACTORY
=
o

UNACCEPTABLE

9 | ] t 1
0 0.2 0.4 0.6 0.8 1.0

DAMPING RATIO, {

Figure 28, Pilot Rating Results for a Rate-Commnnd/Attitude-Hold Control System
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{a) SPEED~STABILITY AND DRAG PARAMETERS GF CONFIGURATION BCI

NATURAL -
FREAUENCY, g, | 280 344 | 630 ] 7.40
SIMULCA OR IaODE |FB JMBIFB MBIF 6]VBIFB]MB

symeoL  |D|MIA[AIO]®[4] 4

DASHED LINES SHOW MiIL~F-83300 BOUNDARIES, SEE NOTE ON FIG, 12.
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{b) SPEED-STABILITY AND DRAG PARAMETERS OF CONFIGURATION BC4 %
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symeoL  |ojelO|®|Aa :
|
= 7 } w,=5,MAX 7 w0, =5 MAx %
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& 6 S 6 3
L9 wy=a,Max 7 S A %
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xQ 5 // A ] a 5 P 2}
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Figure 29. Control Sensitivities from the Study of Rate-Command/Attitude-
Hold Control
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Figure 55. Effects of Yaw Control-Moment Limits on Pilot Rating
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Figure 56. Yaw Control-Moment-Usage Results
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APPENDIX A

SUMMARY OF FLYING QUALITTIES DATA
FROM UARL PILOT EVATUATIONS

This Appendix contains a detailed tabulation of the flying qualities
data (pilot ratings and pilot-selected control sensitivities) obtained from

the flight simulator evaluations with UART nilots.

Table A-1 identifies the studies conducted in the UARL program and lists
the parameters for the cases evaluasted in each investigation. It also pro-
vides a key to the tatles which summarize date in Appendices A, B and C.
Tables A-IT through A-VIII list results from the longitudinal and lateral
control studies in the following sequence: A-II, turbulence effects; A-III,
control lags and delays; A-IV, control mcment limits; A-V, control moments
through stored energy; A-VI, inter-axis motion coupling; A-VII, independent
thrust-vector control; and A-VIII, reie-command/attitude-hold control. Fly-
ing qualities results fiom the height control studies are listed in Tables
A-IX and A-X as follows: A-IX, velocity camping and thrust-to-weight ratio
interactive effects; and A-X, thrust lags and delays and incremental thrust
through stored energy. Finally, pilot ratings and pilot-selected sensitiv-
ities from the Qdirectional control studies arc summarized in Table A-XI.

Preceding page blank
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APPENDIX B

SUMMARY OF PILOT COMMER'TS FROM
UARL PILOT EVALUATICWS

This Appendix presents edited pilct comments for the flight simulator
Lest csses evaluated by UARL pilots. The comments are tabulated for each
case according to the subtasks performed by the pilots. For each subtask,
comments were solicited according to the questionnaire shown in Table IV.
Filots also made additicnal corments as they felt necessary.

The comment tables parallel the flying qualities data tables cf
Appendixz A. That is, for each data table in Appendix A there is & corre-
sponding comment table in Appendix B, The comments from the longitudinal
and lateral control studies are summarized in Tables B-I thrcugh B-VIII as
follows: B-I, turbulence effects; B-II, control lags and delays; B-III,
control-moment limits; B-IV, control moments through stored energy; B-V,
inter-axis motion courling: B-VI, independent turvst-vector control; and
B-VII, rate-command/attitude-hold control. Pilot comments for the height
control test cases are swmerized in Tables B-VIII and B-IX. Table B-VIIT
contains velocity damping and thrust-to-weight ratio. Comments from the
studies of thrust lags and delays and incremental thrust through stored
energy are shown in Teble B-IX. The pilot comments from the directional
control studies are summarized in the last table, B-X.
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TABLE B-I

% PILOT COMMENTS FROM THE STUDY OF TURBULENCE INTENSITY
] Flying Qualities Results Given in Table A-IT
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PILOT COMMENTS FROM THE STUDY OF INCREMEKRTAL
PITCH CONTROL MOMENTS THROUGH STORED ENERGY

Flying Quelities Results Given in Table A-V
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PIICT COMMENTS FROM THE STUDY OF LONGITUDINAL AND
IATERAL RATE-COMMAND/ATTITUDE-HOLD CONTROL
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TABIE B-IX

PILOT COMMENTS FROM THE STUDIES OF HEIGHT CONTROL SYSTEM
IAGS AND DEIAYS AND INCREMENTAL THRUST THROUGH STORED ENERGY

Flying Qualities Results Given in Table A-X
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APPENDIX C

SUMMARY OF CONTROL-POWER-USAGE DATA

Control-power-usage data, which generally consist of the control power
levels exceeded five percent of the time, are listed in this Appendix. For
some of the studies concerned with control-power limits, the percent times
that the control power command exceeded these limits ere also presented.
Data are shown in this Appendix only for selected test cases, i.e., the
exceedance computations were not performed on all the cases considered in

the UARL program.

The control-power-usag: date tebles also generally parallel 2 tebles
in Appendices A and B, Conbrol-moment date from the longitudinal ¢nd latersl
control studies are summsrized in Tables C-I through C-VI as follows: C-I,
turbulence effects; C~-II, control lsgs and delays; C-III, control-moment
limits; C-IV, ir.wr-axis motion coupling; C-V, independent thrust-vector
control; and (.VI, rate-commsnd/attitude-hold control, Thrust-usage data
from the height control study are presented in Table C-VII, Results from
the studies of the interactive effects of height velocity demping and thrust-
to~-weight ratio and thrust lags and delays esre shown there. Control-moment-
usege data from the directional contrcl studies are contained in the last

table, C-VIIIL.
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TABLE C-X
PITCH. ~IJLL AND YAW CONTROZL-MOMENT LEVELS EXCEEDED 5 PARCENT
OF THE TIME FROM THE STUDY OF TURBULENCE INIENSITY

Vertical and Direcsional Parameters Listed in Table 4-I
See End of Table for Explanshion of Notes
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cont. g [ X | g | Mg [agrog) 9% dee 1o &in} S Y szt ]ﬁ% By e, it Yoy
X c.33 0.38 0.35 045 0.35 0.39
41 ™ 0.22 }0.38 0.0 1658 0.27 {043
- 0.33 {-0.08{=2.7 |%.2 | 3.k | xqs 0.24 0,39 0.39 .50 5.30 0.42
2 QS 0.kt 0.5k 0.58 {0.70 0.32 j0.50
T |0.26 [0.30 Jo.45 j0.07 1 5,33 ] 0.48 Jo0.64 10.05|0.28 Jo.26 ) o.u2 |0.08
KoV 0,26 [ 0.22 {0.43 0.31 | 2.35 | 0.57 0.25 j0.23 |0.47
M 0.4%0 0.52
T2 ™ €.39 [0.57
- 0.33 |=0.05)-1.7 |-%.2 | 5.8 | xS 0.48 0.58
BL w3 0.62 lo.78
TU - 0,27 0.5% [0.63 [0.15
HOV 0.79 1 0.30 | 1.0
¥ lows 0.78 ¢k 0,79 043 0.62
3 ™ 0.46 10.66 0.57 | 0.80 0.34 | 0.61
- 0.33 }0.05]-17 j4.2 § 8.2 | xS R 1 0.62 0.56 0.87 0.hy 0.60
BCi Qs 0.73 {0.85 0.48 {0.81 0,28 10.65
byl 0.37 ] 0.43 10.69 10,08 0.46 | 0,51 10,71 | ©-93]0.37 [o.25 |o.52 | 0.07
Kov 0.543 10.30 J0.60 2.38]5.38 1.5 0,38 0.30 [C.60
M 1040 0.b7 0.39 ¢.50 0.2 0.43
Tu ™ 0.39 {0.57 0.29 10.58 0,29 ] 0.45
- 6.33 1-0.200-1.7 [%.2 | 3.4 | Xxes 0.53 0.%7 0.45 0.59 0.37 ¢.L0
825 : Y35 0,€3 10.72 0.5% y0.73 6,3l | 0.53
T 0.5 10.26 {0.55 [0.21] 0,35 | 0.38 0.56 | 0.12]0.29 [0.2¢ |0.40 | 007
HoV 0.35 j0..9 lo.to 0,44 10.39 10.45 0,40 {0.28 10.53
M o8 .15 .85 1.05 0.97 117
15 W €.79 J1.32 0,50 {1.01 G,56 1.1
- 1.0 10.20f-3.0 [~L.T | 3.b | X8 0.69 1.03 0.89 1.07 0.90 1.7
BCU Yes 0.87 (1.58 0.49 {1.03 0.48 {1.15
i} 0.73 [0.65 [1.¢€ f0,20] 0,70 [ 0.73 [1.12 | 0.13l6.7% [0.48 [0.9% {0.0%
Hov ¢.83f0,bh J2,26 0.77{0.35 | 0.0 0,34 o.k2 [ 115
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TABLE C-I {(Concluded)

Q\se" . Pixad Dase Moving Bause
i-ilmlc ;:;Zvli:zef }‘:::: Suba Filot & - lot B Pilot 3
Cont. [ Mg [ Xy | Mg [ Mg |G, "0y tacd O L L N 1ot LI O Stnt B,
xM 1.09 146 0.89 1.18 1.07 . 2h
\ % ™ 0.75 | .37 0.64| 1.25 e} 1.36
- 1.0 {~0.05[1.1 {-2.5] 3.k | xqs 0.5 18 1.0 1.28 1.9 1.e9
BC2 Qs LIS UR B RS 0.68] 1.22 ) 0.74} .22

™ 0.73 {0.74 |1.20 |0.12] 0.72 fo.94 ) 2.0 032 ] 1.28 Jo.79] 1.75 ) .05

HOV 0.87 |0.55 {1.29 0.98 JoAs] 1.0t c.98 Jc.k311.18
m 0.87 1.05 0.92 1.30 0.0 1.07
T13 ™ 0,31 (.31 0.653 1.30 0.5¢] 1.06
- 1.0 0201 2.5 3.8 f s | 0.93 1.05 0.99 1.22 0,87 1.00
ECE w0s 1.37 1.9 0.807 1..39 0.62]1.11

1w 0.81 {0.68 {1.08 10.09] 0.95 10.75] 1.32} 0.13] 0.89 {0.52] 1.14 | 0.13

HOVY ©.65 {0.58 [3.20 0.77 }0.37] 0.98 0.79 o2 | 1.07
XM 113 1.60 1.0 1.50
Tih ™ 0,921 1,65 | 0.83
- 1.0 |0.20(-s.1 {-2.5] 5.8 | xQ8 1.5 1.i3 1.30
BOG Qs 0.84 0.72 | 1.39
w 1.00 {213} 2.63) 0.23] 0.90 10.70{ 1.27 | 0.05
HoV 1.31 {0.97 2.03 {0.5u 1.2 |
X 1.27 1.90 1.08 1.85
5 —Y-M 1.21 {1.87 0.93] 1.58
- 1.0 |<0.200-1.2 {-2.5) 8.2 | xS 1.57 2.20 1.18 1.
BC6 QS 1.51 | 2.00 1.29
W 1.53 1,07 | 1.90 { 0.28 1.09 f1.21 0.2
HOV 1,21 L34 | 290 1.19 13.04 ] 1.87
XM 0.97 2,28 0.98 1,13 1.1 1,31
6 ™ 0.82 (1.35 2.97] 1.4 0.5 ] 1.33
- 1.0 10,05 |-2,0 {0 3.0 | %33 1.02 %20 1.03 1.21 1.24 1.50
BC3 ¥Qs 1.32 {1.80 0.80} 1.2% .34 1116

v 0,91 {0.80 |1.35 10,11 1.35 [0.83] 1.60] 0.13] 0.93 Je.65f1.16 ] 0,01

HoV 0.81 [0.60 |1.24 0.88 jo.60}) 1.29 0.87 10.35§ 1.0%

1. Wind simulation included seon wind, U, = 10 kis. Thrust vector control availabls to trim longitudinad
steady forses,

2., Symmetrical configurations - la eral derivative has same value as corresponding longitudinal derivative.

3. Key: XM, lorgitudinal rancuvering; YM. latcral mancuvering; XQS, longitudiral quick stop; YRS, luteral quick
stop; TV, = 180 deg turn-over-a-apot; HOV, precision hover.

4, Stm.: Simat centrol t usage, d cozputatlions performed on the function “Mcl [ ILcl).
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TABLE C-II (Concluded)

Casel ] Fixed Base Moving Base
P:aslc get::ﬁtzese JLag | Delay} Subd- Filot A Pilot B Pilo:_ n_ o
conts [HET Xa [P T | Tt | derda [ P25 Jieg T, EREN | Yes |1e “im Meg | Mg | Leg | Stal | Mo
_xM 0.81 1.13
L] ™ 0.59{1.28
- 1.0 [0.20 k2.1)2.5(0.60 | 0 |xes 0.78 1.06
kch 138 0.681.29
T4 0.96 |0.72 | 1.37 | 0.08
Hov 0.9t ]0.58 |1.18
XM 0.34 0.18
LL 23 ™ 0.29 [0.47
- 0.33-0.20-1.7}-k.2| © 0.2 |xes 0.35 o2
BCL Yo 0.53 |0.67
k) 0.29 {0.3% |0.52 | 0.12
HOV 0.31 ]0.35 {0.97
XM 0.33 0.k
1L-24 ™ 0.25 Jo.18 I
- 0.33 |-0.20}-1.7|5.2} 0.3 [ 0.1 [XQS 0.33 2.39 ’
BC1 Q8 0.37 |0.56
) 0.25 {0.24 Jo.39 | 0.12 -
- Hov 0.29 10.19 jo.b1
M 0.59 1.2%
1L-25 ™ 1.10 1.29 e
- 0.33 |~.20]-1.7|-4.2] 0.3,0{0.1,0 | xe8 0.85 1.33 '
BCY YQs 1.16 J2.36
T 0.68 0.00 1
) KoV 0.55 [0.95 [1.27

1, Wind simulation included mean wind, U, = 10 kts.
steady forces.

Thrust vector control available to trim lcngitudinal

stop; TU, = 180 deg turn-over-a-spot; KOV, precisior I ~ver.

183

2. Symmetrical configarations - lateral derivative has same value as corresponding longitudiral derivative.

4., Sim.: Sirmltaneocus control moment usege, exceedocnce computations performed or. the function (IMCI + ILCI I

3. Key: XM, longitudinzl msneuvering; YM, lateral mancuvering; XQS, longitudinal quick stup; YQS, lateral quick
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PERCENT TIMF PITCH, ROLL AND YAW CONTROL~-MOMENT

TABLE C-IIX

COMVANDS EXCEEDED INSTALLED MOMENT LIMITS

Vertical and Directionsl Parameters Idsted in Table A-T
See Ena of Table for Explanation of Notes

permuna

(:ase" Maximae
. Stability Control Moosnt Fixed Bage Moving Rase
Basic Derivatives” Available Tag Delay | Sub~ Pilot A Filot B Pijot B
cout, [GE | Xu 1M | Mgl ¥ew | Lem | Fog % |destab-maid {hg TP TP50 | M f Rew JPie | B5e | B | o [Fur | S Pm
™ 7.6 1.6 1L.9 ]
™ ™ 4ok o e
- 0.33]-0.05 }-1.7]+.2 p.3voleas|o.azo] o o | xes 21.4 13.0 5.7 0
B | ¥os 8.6] 1.0 o e
k1] 1.242.3(0 3.1{2.0 |1.3]0 | 2.8
HOV 3.0{1.1}0.2 0.8 10.2]1 0
™ |o [\ 0.9 0 0 °
ne bl o o 0.5{0 o fe
- 0,331-0.05 |-1.7[-b.2 [o.356 |o.u57]0.132] © o X3 Jo 0 8.1 [ N )
BC1 g8 ) %310 0.2{ 0
T o jo (0 0 lesfrs]lo jo lesfonto !l o
wv o jo |o 2,003} 0 0,210 1o
M 2.3 []
ik} M 0.,1] ©
- 0.33]-0.05 [-1.7}-b.2 Jo.b32}0.ko3}0. 00| © o {xes 2.0 0
BCY YQs$ 2.810
T ¢ Juéjo |o
Hov 1.9{0.3] 0
XM . 1.000 0
M5 w 1.8l 0
- 2.33]-0.20-1.7[-4.7jo.300}0.280}0.12¢| © o | xes o 0
il YQS 2.0] ¢
] 061710 o
Hov 0 jo3fo
XM jo 0
we ™ 3.7190
. 0,23] +0.20{-1.7]-L.20.350}0.36910.150] © 0 XS |3.5 a .
55 Q5 18.3 0
7 o6 |z2.2]0 o
Hov {0 f1.9]0 g |
XM 1.8 0
g ki o ¢
- 1.0 | -0.20]-3.0] -1.7[0.922}C.6664 0.293] © o | xee 2.4 0
BCL Y&3 0.11 0
" 0.5] 6.1 O 0
Hov o o {o
184
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TABLE C-III (Concluded)
Case* Vaxioun
- Stability Control Moments Pixed Fase Movi ng Base
Basie | Derivatives® Availadle lag | Delay | Sub- Pilot A Filot 3 Bilot B
Conf. 'RE [ Xy [V | Ho| Ko [ Log | Weg [T | Cerda | ekl g, | Berf Por | A B { Big] Pou | ] P [Pu [P
i ‘ x fes| fo 23] o 02| [o2
wgo w 0.1} 0 0.3] 0 /]
- 1.0 {~0.20f-3.0] -1.7}0.934]0.727]0.211} © ] XS pi.7 [ 0.8 i 3.2 0.0
BCk Qs 0 o o {0 0.65]0.0
T |0 0 4] [} 0 7.74 0 4] 0.512.7}0
wov fo Jo lo 16}0 | o 0.2[0 Jo
M |o [} 0.5 0
M3 ™ o 0 c.6l 0
- 1.0 |-0.2 }-1,1]-2.5(0.979]0.825(0.187( © 0 (XS |o 0 6.2 0
8% Yes 0.6{"¢ 2.4 ©
w 0,2y 2.6] © 0
HOV b oo
M 0 [+ o] [+
nab ™ oo o |o
- 1.0 [-0.2 [-1.1]-2.5}1.06810,900{0.204] © o |xqs o o jo o |6
v [} 0 0 L 0.3 10
HOV 0.2 0 b ] o] [}
M o 0
M5 Yo 0 L]
- 1.0 [+0.2 1-1.11-2.51.15710.975[0.221 ] © 0 IX3s |O o
BCS Y58 3.0j0
T [od]0 Q ¢
HOV |0 [
pt3 0.6 [+ 0.1 0
w7 ™ o] [\ 0 0o
- 0,33}-0.051-1.7} b2 0. 396 fo. 57 {0,132 0.3 0.1 }XCS 1.5 0 2.1 0
BCL ¥es 8.8l o [ ¢
v 0.3§ 031 © o |¢C o ¢
v 1.2} 0 Ok f0.2 O
oy o] 0
8 ™ 0 o
- 0.331-0.05[-1.71-b.2 N,5432]0.U08 100N | 0.3 0.1 ]res 0.6 [
1 Y&s dJ 0
T [ o) 0
Hov i 0.1 )90 0
1. Wind siralation inciuded reen wini, U, » 10 kts. Thrust vector control available to trim longitudinal
steady forces.
2. Symotricel confignrations - latcral derivative has saze value ae corresponiing longitudinal derivative.
3+ Key: XM, longitudinsl mancuvering; YV, lateral maneuvering; X8, longitudinsl quick stop; ¥Q3, lateral quick
et.p; 1V, £180 deg turn-over-a-spot; KOV, precision hover.
, Pgei Percent time that 1 t ded installed limit on simultancous control woaent usage,
(K, * Io,)-
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| TABLE C-1IV
PITCH, ROLL AND YAW CONTROL-MOMENT LEVELS EX EEDED 5 PERCENT ,
, OF THE TIME FROM THE STUDY OF INTER-AXIS MOTION COUPLING r
f Vertical and Directional Parameters .isted in Table A-I .
: cased Metion .
% B;xsle Sbet:ib:i:::e@ g:i::f” 1Sub- Pilot A et e Piloy B mvg;i‘:ﬂ;e
| Conts g | %y j Mg | Mg P, [Xq "4 T,V | Tnsn3 Mog les [Stat]me [Fe [l Stud e W Lo, [50aT He, .
.‘ XM 0.48 0.67 0.36 0.43 '
? 751 W™ 0.39 | 0.66 0.2k fo.49 s
‘ - Jo.33{-0.05{-2.7;-4.2;21-2] O | O |xes 0.3 0.6k 0.48 .59 &
i BC1 E YQs ' 0.56 | 1.03 0.35 |o.76 :
; { T 0.51 {¢.26 | 0.€6 {0.27]0.29 {0.30 Jo.uk :
i HOV 0.5% Jo.u1 | 0.86 0.37 |0.29 |ox7 c
% 04 0,61 0.8 )
% w2 ™ 0.5% | 0.96 . :
! = Jo.3]v.05fa.7|vef s[4 o | o xes 0.82 1.2 3
BCL Yas 0.91 | 1.37 )
T 0.57 {047 1 0.87 Jo.16 \
Hov 0.68 {o.4h7{1.01 I
s 10.40 0.58 0.39 0.64 0.3 o.k2 )
ek i 0.%0 |0.56 0.38 | 0.64 0.2" 10.45 f
- 0.33:{0.05}-2.7|-4.2} O] 0] 0.50 ~".50{%QS ]0.58 0.79 o047 0.68 0.36 0.42 %
B5c1 Q38 0.70 |3.co 0.65 0.31 {o.54 :
TU 0.3€ 0.40 [0.586.1119.28 {0.30 | 0.47 {0.23{0.27 | 0.2% lo.38 \
KoV ]0.37 [©.29 0.1 0.37 10.3% | 0.65 0.29 | 9.18 {0.38 ,
XM o.377 0.L7 0.43 0.57 0.35 G.48 g
s pel 0.37 {0.65 0.390.69 0.33 {0.53
- jo.33]-0.05]-2.7§-k.2] 2 | -2} 0.25 | -0.25{x¢s ]0.53 0.70 0.4g 0.72 0.7 0.62 '
BC1 s 0.72 [1.23 0.63 ]| 1.10 0.33 [o0.61 U -
TV 10.32 [€.33 |0.53]0.05]0.50 {0.39 ] 0.65 10.07]0.29 Jo.24 0.k [0.05 >
v 10.39 [0.29 {o.54 0.53 {0.39] 0,78 0.35 |0.19 Jo.u6 :
XM 0.87 .06 %
1c8 ™ 0.71 | 1.28 ‘ :
i = 0 j-0.05)-2.5]-0.5] 2 | 2] -0.25 0.25 |xas 0.85 £.09 i
f B2 Ya8 0.70 | 1.32 !
f ™ 6.90 |0.68 § 1.34 0,17 ,*
’ . HOV 0.77 J0.47 [ 1.03

1. Wird simulation includsd mean wind, U, = 10 kts. Thrust vector control availsble to trin longitudinal
st.eady forces.

2. Symmstrical configurations - lateral derivative has same value ss corresponding longitudinal derivative,

3. Key: XM, longitudiral saneuvering; YM, lateral raneuvering; XGS, lengfiudinal quick stop; YQS, leteral quick
stop; TV, £180 dzg turn-over-a-spot; HOV, preciaion hover.

4. Sim.: Sirulteneous control t usage, exceed computations performed on the function (I Ml o ILcl).
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Vertical and Directional Parameters Listed in Table A-I

TABLE C-V

PTTCH CONTROL-MOMENT AND THRUST-VECTOR-ANGLE LEVELS EXCEEDED 5 PERCENT
OF THE TIME FROM THE STUDY OF INDEPENDENT THRUST-VECTOR CONTROL

— Thrust-
casel Stabillty g::::; Fixed Base Moving Base
- Cerivatives Paraz. Pilot A Pillet 4 Pilot B
Basic — Sub~
Conf. | Mg Xy My Mg o }33 ¥igd | Task3 e, v Yo, v Mo v
. XM 0.33 0.29 0.25
m Qs 0.29 0.3b 0.23
- 0.33 ~0.05 =1.7 4.2 5 - - Y 0.27 2.77 0.31 7.86 o.21 2.00
BCL HOV 0.29 0.30 0.25
XM 0.32 0,28
113 %68 0.33 0.27
- 05005 a7 tawelel-|-|mw 0.22 | 5.50 | o2 | 2.50
BCl HOV 0.29 0.27
XM 0.93 0.93 0.80
L6 %o 0.88 0.89 0.86
- 1.0 -0.20 | -3 a7 20} - - ~y 0.79 1915 0.81 10.6 | 0.67 Y4,20
Bk Hov | o2 0.75 0.68
XM 0.35
Lne %S 0.39
- 0,33 { -0.05 | -1.7 %2 ! - 5 1 T 0.29 2006
BCL HOV 0.32

3. Key:
%, Tnomb switch thrust vector angle control, conventionel attitude control.

XM, longitudinal meneuvering; XQS, longitudinal quick stop: TU,2180 deg turn-over-a-spot; 5OV, precision hover.
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1. Standard wird simalstion; Oy, =Cyg ® 3.4 ft/sec, Uy = 10 kis,
2, Syzmetrical Configurations - lateral derivallve hes sewe value 68 corresponding longitudinal derivative.

5. Control stick thrust vestor control, thumb switch attitude control.
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TABLE C-VI

St oo

i sma

PITCH, ROLL AND YAW CONTROL-MOMENT LEVELS EXCEEDED 5 PERCENT OF
THE TIME FROM THE STUDY OF RATE-CCMMAND/ATTITUDE~HOLD CONTROL

Vervical and Directional Paramebers IListed in Table A-T

See End of Table for Explanation of Notes

FATRES.
for
Casel Seccnd--
- Stebiiity Irder Fixed Base Moving Hase
Sneie Devivatives marice |} Sub- Filot A : Piiot B : Piiot T
; S w | S o Sims Sm) Yo 1o |5ty
- 'nf, Mas | Xy e 1% | s wy § lask Mc‘i L(.s sim N% M(.E Lci ime i B e !!‘.5 i v;cs
XM 0.58 0.65 i
i
Al ™ 0.58 { 0.%0 ;
- 6.33] .05} =2 |-8 10,35 |2.8 | xqu 0.89 0.98
50 Y65 0.75 | 1.01
- 0.5k (s o5 1012 ]
Hav ¢.62 10.50 10,96 t
XM 0.66 0.8 .30 0,39
02 ™ 0.5¢19.53 727 f0.46
. 0.33| ~0.0% [ -2 [-h0 10.16]16.3 | XQS 0,97 1.08 P 0,38 t
!
BCL Y35 0.74 § 1.17 0.28 108 B
i
™ 0.57 1 0.47 | 0.85 §0.37]0.24 { 0.3L Jo.hk h
1 *
Hov 0.69 0.8 | 1.07 077 6.2 Jomol !
pal 0,45 0.9 :
| L
! LRY ™ 042 10,72 !
i
- 333 0mns b |8 Jor f2 8 e 0.59 0.82 ;
i
st} 108 0.66 | 1.00 |
10 0.37{0.30 ] 0.63 10.13 E
HOY ahr{oMujor ‘ .
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TABLE C-VI (Continued)

TATUIE .
for
Cus:e1 Second —
- stability Oraer Fixed Bage Moving Base
Basie Terivatives Dynsartes | Sub- Pilot Hiiot B Tilot B
Cont. My Xy vy P 1§ Twy | Tusk Mcs L’s sin b ::CS Mcs 1c5 Simd ""5 ¥eg L% Slo :.;.5
M 0.4k 0.58
RS K 0.2 { 0.60
- €331 ~0.05 | - -2 | 0.87 [ 3.84] XQ3 0.45 .60
B Qs 8.81 1.02
W 0.351 0.5z ] 055 fo.az
KOV 0.3 j 0.k Jo.62
XM 0.48 0.62 6.2% 0.37
LR ™ oML § 0.69 0,28 |2.40%
- 0.33] 0,05 | ~% {60 Jr.b7 | 6.201 X8 0.50 6.€5 0.2 038
BCi Yo 0.56 | 0.77 0,26 | 0.4k
| ™m 0,36 ] 0,35 ]0.54 ] 0.13{0.27 Jo.2h [¢.39
! HOV 040 § 0,38 | 6.65 7.29] ¢.20 {00
o |29 0.38
LR& e 0,20 | 040
- !u.".”, 0 ¢4 ] =100 |- Q5 0.ud,
Bl l S CATY G4
TUO0A 62 0.3) | .9
Hov $.23 {029 | 0.37

P,

o

“ynee
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TABLE C-VI (Concluded)

Parans. '
. 1 for
i 3¢ Second— Fixed Bage Yoving Pese
Stabllity Order Pilot A Prlot B Pilot B
Basic Derivatives Dymazdces | Sub~ 5 T %
% 03 o
conf. Mg | X, | Mo 3 T92) Taskd Mog| Tug |Simf Nog | Mo, [ Leg | Stal fios Mo | veg .,xi iz,}_
o 1.bo 1.93
LR10 ™ 1,06} . R0
- 1.0 [-0.20} -2 25 } 0.20] 5| X8 1.37 1.90
Bl ¥Q8 1.03{ 1.67
0 1.03] 1.01 1.61 {H.
Hov 1.19{ 0.83} 1.75
XM 1.13 1.50 0.83 1.00
LRIl ™ ¢.90! 1.63 0,53 |1.13
- 1,0 [~0.201% -k | 16 | 0.507 b | XQS 2.15 1.49 0,83 1.02
BCY ¥35 0.991 1.75 0.58 11.08
T 0.851 0.79] 1 2} |0.19 0.62[0.64 1109
HOV 1.16} 0.64} 1.65 0,601 6.29 0.86
XM 1.0% 1.93 0.60 0.59
1R1k ™ 0.92] 1.76 0.57 |1.67
- 1.0 |~0.201 ~6 | -26 J 0,61} 5| X 1.0% 1.28 .75 0.90
BCh YQ3 0.71] 1.22 0.59 {1.13
T 0.86] 0.82] 1.37 [ 0.1 0.69] 0.64 |1.02
HOV ]1.01 0.69] 1.59 0.67] 0.30 [0.85

1. Wind sinulation included mean wind, U, = 10 kti.

Thrust vector control avnilable to trim longitudinal
steady forces.

2. Symmctrical configuratione - lateral derivative has same value as corresponding longitudinal derivative.

3. Key: XM, lorgitudinal raneuvering; YM, leteral maneuvering: XQ5, lengitudainal quick stop; ¥QS, leteral quick ——
stop; T, * 180 deg turn-over-a-spot; WOV, precision hover. O3

k. Sim i Slmullancous control morment usage, excacdance corputations performed on the function {IMh + 10 .
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TABLE C-VII

PILOT CO:MANDER AND TOTAL THRUST USAGE RESULTS FROM HEIGHTY CONTROL STUDY

Longitudinal, lateral and Directional Yarameters Listed in Table A-I

See End of Table for Explanation of Notes

(a) Five-Percent Exceedance Levels for Pitching Moment, Mé,, and Incremental

Thrust Increase Levels, ('I.‘/W-l)5

\’.'e.::q:l Fixel Base

N Pilot A pilot B

Rasic f‘ara:etersa lag, Delay, Sub-3 (T/“-l)é for: , (T/#-1)g for:

Gont. T, %, /4 K 4 bl 25: 8ty V| Ty de s Zos derty v | Zpode
XM 0,% 0.007 0,020 0.34 0.023 0 c22
™ 0.017 0.02k 0.025 0.0 |

H220 025 | -0es| 110 0 0 X% 0.36 0,009 0,020 0.37 0.019 0.02k4 ]

BC1 Yo 0.03% 0.035 0.034 0.034
HOV 0,39 0,010 0.016 0,36 0,017 0.023
s 0.20 0.052 0,062 0.36 0,024 0.033
XM 0.3% 0.03% 0.023 0.39 0.057 0.057
™ 0,055 0,057 0.048 0.04%

1_1721 0 0,25 110 0 o XQ5 0.47 0.030 0.029 9,37 ©.026 0,029

BCL YQ5 0.069 0,043 0,047 0.03k
Hov 0,29 0.029 0,038 0.33 0,024 0.023
s 0.69 0,067 0.32 0,061 0.067
XM 0,36 0.02% 0.018
™ 0.057 0.054

!_;zzz 3,28 o 1.10 ¢ o XG a7 0,047 0.047

Bl ¥as 0.050 0,048
Hov 0,30 0,022 0,021
s 0.30 0,070 0,060
XM 0.37 0.008 0.00%

Y™ 0,015 0,007

Rr23 10,25 -0.25 1.10 o o s 0.5 0.007 0.008

B0l Y5 0,026 0,018
i 0.30 0.009 6,009
13 0,30 0,030 0,052
XM 0,39 0,042 0.042
™ 0,123 0,216

1_m o o 1.15 0 o XQ8 0.32 0,082 0.095

BC1 Y3 0.108 0,108
HOY 0,26 0.086 0.080
15 0,34 0,122 0.121
XM 0,34 0,009 6,017
M 0,035 0,010

P loes | e |oras | oo 0 X 4 0:39 0,006 0.010

81 YQs 0,054 0.025 ]
KoV 0.29 0,008 0,008 -
LS 0,26 0.028 0,045
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TABLE C-VII (Continued)

caset Fixed Sese )
- Pilot A Pilot B
Basic Parazeterss Iag, | Delay, | Sub- 3 {T/W-1); Tor: {2/%-1}g for:
Fonf. oy Z\,s e £ dy tagk McS s dettyo v | Z5- 50 'Mcﬁ 28T v | Zg, be
et 1.?27' - B CH9 0.091 |
™ J:‘SS’ 0,133
Hz25 o o 513 o o XGS 0.88 0.157 2,167
“BCl ¥Qs 0,132 0,133
HOV 0.8 0.098 0,098
IS .83 0,160 7,349
XM 0.8 0,885 0.028 0.95 0,029 0.C45
e 0,028 0,019 0.023 007
i_izz-s 00125 | 20,205 |- 138 o 9 X8 0,98 0,015 0,015 0,% 0,010 0,009
ch 0s 0.043 0.0%9 0,024 0,02k
™ hov 0.7 0,034 0,030 0.37 0.027 1,023
1S .84 0,070 0 069 0.R7 0,73 N, 0432
XM 0.85 0,625
™ 0,017 0,039
2T | o5 |05 |oras | ¢ o xes | 0.8k 0,009 0.034
Bl %s 0,016 0,038
nov C.12 0,008 2,035
s 0.7 0,016 0.079
W 0,30 RN X w.ohs
™
2 20,126 | «0.123) 3.0 | 6.3 0 il 0.5 9% 6.0
a1 Y03 0,028 “,026
HoV €.30 0,923 0.027
s 0.29 0.8 0,053

BN e

ol
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TABLE C-VII {Concluded)

(b) Five-Percent Exceedance Levels for Pitching Moment, Mc5 , and Percent Time
Commanded T/W of Pilot and SAS Exceeds Installed T/W
C&sel FT;('e:l Buge
N Pllot A £Llot B
Basic Parometers? Loz, | Delay, | suv- P, for P for B for (P for
cont. tackd T TL 7L 7L
%y 2, ™ 7, & Yes Ly betlyg ¥ | Zg.tde o, 25 8t Pug ¥ | 2y, b
™ 0.36 19.0 | 27,0
W 38.0 65.0 1
26 0225 | -0a25] 102 | o o xS | o3 21,0 30.0 T
Bl RS 4.0 60,0
Hov 0,32 0.0 14.0
Is 0.34 32,0 .0
™ 0.33 0,0 0.0
™ 3.0 2.0
B0 1 o5 |w025| n02 | o 0 el o 2.0
501 i 23.0 29.0
HOV 0.29 2.¢ 1.0
LS 0.28 17.0 16,0
X 0.0 0.0 0.0
™ ¢.0 0.0
BTt gec |eoes | vz | o 0 *es 939 0.9 0.0
BOL 105 0.0 0.0
HOV 0.3+ 0.c .0
15 c.52 3.0 80
™| .39 16.0 16.0 -
™ 0.0 0,0
B2 oazs |.0a2s] 05| 03 o X | 0. o0 o0 -
221 &8 7.0 0.0
HCY ©.3b 0.0 0.0
| EE 2.0 4.0 | ]
2 wind sirulation included mean wind, Uy - 10 45, Thrust vector control avellable to trim longitudinal
steady forcos,
2, Tguastrical Configurations - Iateral deravative has saxe velue as vorviesponding longitudiral derivacive,
3. Key: XM lorg.tudiral pancuvering; Y, letaral zaneuvering; X35, longitudinal quick stus; Y35, lateral quick
stop; LT, landirg sequence; KOV, precision hover.
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TABLE C-VIII

YAW, PITCH AND ROLL CONTLOL-MOMENT RESULTS
FROM THE DIRECTIONAL CONTROL STUDY

Iongitudinal, Iateral and Vertical Paramebers Listed in Table A-T
See End of Teble for Explanation of Nobes

(a) Five-Percent Exceedance Control-Moment Ievels

case? Directionil Fixed Base Moving Base
rassc | % 5::.::;"” sebe Pilot A - ‘ Piiot It Pilot B
Cont. B Thoa| 9] o5 | ™o e fre fotat e (e fie 3t | N e, | e, Ston B,
bl 0.k0 .50
DL ™ 0.2610.43
- 000510 [ULlo {0 |xs 0.43 0.51
BCL Yos ©.27 { 0.49
TV 0.30] 0.23{ 0.6 [ 0.14
KoV | 0.35] 0,16 o.lo
B XM §0.39 0.52 0.42 0.57 0.38 0.47
D2 Vi 0,29 0.56 0.38] 0.58 0.26 0.48
- 0.005 |-0.5] tLio {0 fxes 0.6 0.55 018 0.59 0.38 0.4&
BCi Qs e L6167 0.37{ r.61 0.3010.56
T | 6.29]0.29| 0.46 | 0.13] 0.31 ] €.33] 0.u5{C.2k | 0.28} 0.22]0.39 | 0.1k
Hov | 0.35{ 0.221 0.Us5 .38 0.38} 0.64 0.37] 0,23} 0.50
XM 10,33 Yoda 0.h0 0.56 0.46 0.59
o7 ™ 0.29} 0.lk oLk} 0.68 0.34] 0.62
- 0.005 | -0.5] wLjo.3l 0o | xes |o0.30 0.1 R 0.50 0.16 0.58
BCL Q8 ©.38] 0.57 oLk} 0.62 0.3210.63
) T¢ | 0.29] 0.29] 0.13 Jo.15 | 0.33] 0.37] 0.59)0.12 | 0.35] 0.27} 0.49 | 0.17
Hov {0,294 0.18] 0.39 0.38]0.33} 0.58 0.40% 0.25 | 0.62
pet 0.42 0.63
pd ™ 0,31} 0.64
- 0.033 | ~0.5] UL| 0.3} 0.1} xas 0.40 0.53
BC), Q8 0.29 ] 0.59
v 0.30] 0.2k ]| 0.4 | 0.26
Hov 0.39} 0.24 } 0.56
x4 0.43 0.55
n3 ™ 0.28{ 0.59
- 0.005 -1 | uLfo.3} 0 | xes 0.39 0.53
BC1 ”S 0.29} 0.56
ktij 0.35] 0.26] 0.40 | 0.16
HOV 0.39] 0.27] 0.55
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TABLE C-VIII (Concludad)

(8) Five-Percent Exceedance Control-Moment Levels

Casel
Directional Fixed Ease Moving Base
mmste® | % et e Pilot A Pilot B Piiot B ]
Cont. T [fea | 53] 99| Teok® b, e siet ey [ Moy Lo [ ot [ He fre uc St M,
XM 0.%2 0.56
ot ™ 0.28| v.52
- 0705 f-1 | ULl 0.6] 0 | xas 0.k2 0.57
l Y03 | 0.30{ 0.61
W 0.35] 0.25| 0.0% | 0.1
wov 0.39} 0.22| 0.55
(v) Moo, L. 5 and Perceut Time Yaw Conbrol-Moment Command Exceeded
Ingtalled Limit, Py,
‘_”""l i, i’;:::i:’::‘ Fixed Bagse Yoving Base
Basie varied g Sub~ Plloy A Pilot B Pllrt B
Conf, e [, |7 fop 185k Yoo [Te, Stal NP, [Mos |Beg | SIRT [By (M 17, ;Sinrt Y
X 0.1 : 50
120 ™ 0.28 1 018
- 21 Joae {o o fxes 0.5 0.83
Rl a8 0.30| 0.53
kY ) 0.30] 0.29y 0.%5 { 13,20
Hov 0.%8 0..96 0.54
x [o0.39 0.56 0.40 0.39 0.3 0.7
e ™ o0.28 }o.u8 0.3h 0.27{ 0.18
- 2 {ea3 Jo o [xes fouso 0.59 0.39 0.38
W vas o] 0o o ]ows| |
7 {o0.300.29 0.7 | 7.50 f0.33 0.31 | 1.00]0.28] 0.26}0.35 | e.70
¥ov |o.32 0.2z |0.47 0.29 0.36{ 0.25 | 0.50
X¥ €40 0.58
22 ™ 0.28 1 2.e0
- a Joas fo | o jxes o7 0.58
B s 0.20] 6.57
W 0.3u) 0.26 ] 0.t | 1210
OV 0.39] 0.22] 0.52

Wind simulation included wean wind, Uy » 10 kts, Thrust vector comtrol available to irixm longitudinal
steody forces.

Symaetrical configurations - lateral derivative has came valua A& correapending long tudinal derivative.

Kev:

Sia.e

X, lorgitudinal mtneuvering; YK, latera. mneuvering; XS, longit.dinal quick ctop; YQS, lateral quick
stop; U, + 260 deg turn.over~a.spot; KOV, precicion hever,

Simltanecus control mowent usage, & putations perforzed on the function (Pl + IL.1).
o
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APPENDIX D

SUMMARY OF FLYING QUaLDTIES DATA AND
PILOT COMMENTS FROM CALSPAN FILOT EVAILUATIONS

Flying qualities date. (pilot ratings and pilot-selected control senci-
tivities) for the flight simulator evaluations with Calspan pilot B are
summarized in Table D-I. Another Calspan pilot participeted briefly in
the UARL program but did not perform flying gqualitbies investigations.
Celspan pilot B evalueted both lateral and longitudinal control test cases
and height control cases. Turbulence effects, control lags end delays .nd
control-moment limits were evalusted in the longibudinal and lateral ccaitrol
investigation (Fable D-I(a)). The interactive effucts of height velocity
damping and thrust-to-weight ratio were evaluated in the height contro..
study (Table D-I(b)).

Edited piloh comments from the Calspan pilct B evaluations are summar-
ized in Table D-II. Comments for the longitudinal and Zateral contro. vest

cases are shown in Table D-II(a) and those for the height control test cases
are contained in D-II(b).

Preceding page blank
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Case (11 BCY Yo w UL len = Ub  Meq: Bl Gugmovg c 27 Hpe - QM7 Lg, -0ia W6

TABELE D 1T
PILOT COMMENTS FROM CALSFAN PILOT EVALUATIONS

(a) Iongitudinel and ieteral Conirol.

conubl sensirivities -« 1 Aid got adequate x-ol.‘. sontrol; however, Sre eortiguration iz & suce that 1478 1ifTiendt to
stop £4 vhere you want, S0 vou have to an‘icipate cuite a bit, Af‘ju..tcd asitivities to.give enough quickness of
respense 56 I wordd attmt Lo-stop witheut having tu enticipute s nuch., Then there «ps 6 wendency Lo sseillate
so I inally cm';rc:-'.:ec id accepted the sencitivities that T have now, far texi uxvmd the square - ib's very
difficuis to repain oves the cpet en the ground, rrizarily oscauce I'm behl nd the Mr,,lzmc or ['m evercon.rollir,
in atco-apt.n(, to painteir asposition, It dces seer-thst pitci vesponse and bank amm.- responce are qurte reod but
the-alrereft: rcsw'x ¢ -4n sransiation ‘s very slugrish in both cireetions, both in zr:/Sr‘c 0o pet il started sna s
steppirg it, Onee yousgel if; sturted 44's quite difffcwlt to c2op it witn any precision at all, son avpeurinete
the task and that's n\mxt 3.y cun: do. Theve 4s a dew deves of procision pere, A X foneentrate very hoxd I

ron umally- stay withis . 1G~1t squars, HodwAag nansding 42 no problem, There ic sase c‘mﬂ(n in altitade, vnt
a0t yery mich -- ny Je ¥ or 8 £t wick«- stops - Dan % readly have any pre“b ion, Jon Just have to maxe some
prebty la¥ge-inputs. T pepoged Yo ao it-a couple- at ta 208 fairlr well, bk Lhowas sirictly a hit-or-miss preposi-
tion. Turning over e .401. ~ Thas's & prebl en: t{ne blg u*.:‘ﬁv-\ury iz°to stry whiilon 110 %0 20 't ¢f the center of
fne ..quar-. Hover - Mie suidity te raiviain pt.:f2f o hover 15 quite pour an far as attitule and arfular rateo
‘arc.coneerned; hidever, 1%'s not bau, As u.‘uw, agve uu'.u- bt of trouble laterally. Seens-that I'm cliding
back and fertn all the itime, The metion otoxts qt,. fe cubtly, but sncerdt-starts il is Aifficult Yo step, Ovorsil
evalud sien - The major chjecticanble fentivres nre tne sluggisnness invesponse and.qentros of the displucements,
Fevoxable fenturcs include the fact that heighd control iz pret.y good, heading control 15 io proble-a and teern ars
really no ondillatary tendehates 8 a1l in ary divecetion.

Case Cl2 ¥ M, = UL Lo, Uh  Hey = UL ey " avg - 0 Mgy = 2,40 L5y 7 0.2 w7

3

Cate CL3 BCZ Moy ~ UL oy mUh Uy <UL oy, tovy s LT My 0380 Iy - €30 MR- o

Hith buclidenee (€13) I woudd say, for al) practicsd purposes, tnet the airarafl {e unfiyadbie. 1 con magbe hecp
1t in the chy bub t..c creursions soc very Inge and I oaeb the fueling T really don't bave much cenatrul cver tae
alrerali, I didn'% zet o shence o dc anything in-tac way of macaveraad. Al § was-trying, to do was to hover
over & »mt, and T wum't »tle to do taat, S6 I tricd.various ralns en the cyclic both an piteh aml ol aun just
Q' féol L5 was'very cood. 1 think 4t irproved some vhen [ weng up o higber sensitivitics, but not Luffie
ciently thas I would aceepe Lhe airplane. iz cut dum the level or nagnitude of the ewcvrsaons, oul 4§12
didn't think h-war a flyable or accepta le alrplana-and I cowddn't do the task. S92 bhen T flew i4 withaut turbu-
Jence (C12), ¥athout the turtalence I wns able 45 du the ranewvers Lo some extent, 1 veb the jeprercion that,
even without furbulence; there are suse external dlsturbuuaces., These may be inadvertently pilek-anduced,  Jer-
tainly $t'r o tPomendrun d{fference belween twrbwlonce in and turbadence oub. With terculence (CL3} T wouid have
te reject the coufiguration completedy  Lecsuse ag some p0int you proeably will lose it, eepeclaily 41 the turtm-
lence were my higher. how, in sueoth air, it lid scem there was:scme lan an recronse bu control 1oputs, about
ﬁ!.l axes, in spitu of th: jast that the hesehit control is protty good. I'd neve te nove the colloctive only a
Nmbcr of times. T think 4 wno able btc injtizte the rotion alright but precisiun of risbilizing velocities,.ete.,
wasn't very goof at adl: T don't.think @ hover capability wit real good althewh 1 did mannge to mnke foze- turns
In moth dugections and rocl of the tine .teyed within the soasre. There coems 5o he quite a baL ¢! chanre jn atti-
tude, ritch pofzarily,  Tried some quich oteps, T - sivplane responds clugrishly; there seems to be a fair amont
of lead requived to elther sto7 lateral rotions or longitudinal wotions, 7Tn turnim over i spot, ro real P ctisi

stopping on o neading. ihere is .nrparent]v A croLs-coupling botveen the rudder and the cyclie. Probably would
hwr- baen avle to lond this, at lsast in enootn a'v. In regard to seo wdary maming, in the higher rate
mancuvers there vag sore crosr-coupling.  Ihe mager objectionadls feature wae the lack of precisicn with which L
can infsfat. and  %eellire veleel'y and prrition over the suriace. 1 did auanee to Ao some s Paarly vrod o
uover, oy thut’c atout the only thing 1 was able-$o o foirly well,

Case CIb BC3 Moy o UL Loy « UL Mgy U oug s ovg e O Mgo % 0,320 L5, £ 0,365 IR . t.5
Carn B15 BC3 Mgy oML Loyt L Ney MR Gypeoyie Li Mg m 030 Ig 2 030 IR 20

(4

Tried it with turbulence (15 and found 'L cenpletely unacesptabde, probadly a 0 rating. I ficw it for . couple
of mimutes, Ib rreoth alr (CEL) T sried qqste fowr vearings and I theught that niphy help not 15 dadn't, 1%
locke like lightly damped roll modes and i'm nod surs sbeut pitch. Ther: were timas where It almoct felt like the
afrplane wanted to ¢o on ik own, but' in any cace sidn't have precision of contrel,. I hed more trowble in roll
whan in piteh. Maneuvers ot very cucerssful, Regardless of contrcd sennitivities, I nover really .clt U Yad
rood lateral centrol. . oldn't have nearly et much treutde in piteh as in roll. Not able to establich any «decoent
tank angle; very eacy to’overcontrol. 1 3idn't live it, couldn't really ctop or hover precisely. It really able
to stay within grownd track lmite. Quick steps ~ Kot really very good at all; T tried sone but seems like the
adrplane wantr to take off, espesially In the lateral quick atups. Turning over a spot - bidn't look real vad.

Tt 20es geem that, onic you got the airplane under ressonable contrel and pet everything steadied out reuscnably
well, 14 cau be held reasonably well.
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PABLE D-II(a) (Continued). 3

i
N
Cace CL6 KO Moy VD gy ~ UL Neg = VE oy, sy, » 0 Mgo 7 0320 B, O3C IR 3
cote O BOYW Mo w UL L, UL No, e Ui oy, ¥ Oy = LT g, - 032 Ly v 04365 IR~ b5 <,

Tt wes quitea Uit more.effort to try to do the task §n turbulence (CI7) bLut L.was able %o do’that and even hover,
8y, fair, 1 co..ld even-keep within the 7-fL square. Iot of control activity In the turbulence, hwwever. ‘The
conf iguration - .does - secmito heve reasoneble.ctability and cmplm; and the responses to sontrol foputs appedr o be
reasonable with the yu.rricu]nr gearings I choze. In ::noot,h 2'r the respon-'e to control inpute was falv. 1% does
still scem that fhere sre come lags Sa the initial: rc.qm.,cs to controd inmt T 2lce did 2 falr mounb of
height enntrol.povwer Snputs. f srasmble to establish 4isp1ncmntﬂ and velocities with reascnable prccision in
azcoth. aiz. l(cvcrhg capability- Vas reasonably .good. Cetild do'the turns ovcx' a spot rcnsonablv uon. 1 really .
don't sce myt.hin.: strengly objectionable; the blggest thing Jprotebly are come lags in'res sponge to control inputc, .

R Y

. f but they are ndt really so bad, Could do it fairly vell, Have sone ALfficulty vith bark angle, but 3t'c- prebably i N
;j B, 5o fn smooth aix' H wm)d sey the aircmft was prétty cood, T think pe~formance in cxcoth air was saviafucs .
1 tory .without Lprom..cr\.. in tirbulence the work evel certainly 8005 ap qulzo a tit and raybe’this e Juzf.a b

+ " "

H mattor of proficiency.. v turbulence the pnot conpensebicn and workload are really f:urly high. "t

f {

R f: Case C18  BCY Ve, « UL Loy H:m = UL Oy = Oy « [+] Mse = 0,370 Ly * 0,351 M3 == ;:
.3 Caze ¥19  BCS  Nu, - Uk Ly m WL By - UL oy - Ty - LT Mg, ~ 0.3 Ly, - abor  IR- 7 7 o
l Flow this in o200th air first {CI8) and & thought overall 't was an cxcellent cenfiguraticn. The cnly thing ¥ ‘,
noticed was tcrdency to bolbie the airplane a little in pitch, whether “heve is ightly darped piteh osciila- - s

tion here I don’t.know, Coulu bavo Just been closcd-odp. ¥oiced this particukuxly vhen T tyied to make av " g

fairdy rapld pttd ade change. The-contrrl sansitivities secmed to be adenzate in .,moth air. T then flcw ghort s Ty

S N

t,i:‘c in turtulencs (cw) and felt the need to incrcase the control sentafivity to-be abie to affset some of the
mete.  Not really sure which.wng batter: without the higher sensitivity it ceemod that I just Adr't have suffi-
cient cantrod to keep the adreraft excursions small enowgh, (n the other had, with the higher géaringe it i@
see that I ot into more bhigh-frequency PIC'L. Wasn't surc which to take, but it did seers'that this gearin: 7
hore in turbulence (019} i better suited Foy procision control in duing the hover. ‘e follwwing-commen.. uve
ia rmoofd. alr, Response to centrol dnput semcd o be yons sonakle, adthough there wexe times whun Y felt it was a
1itede shugsish, Pub T did scem to be able o stop tne thine withoul neading o lot of lead,. co.rayhe the danr g,
ir protiy rood. The controliability of posinion.and velecity scermed reasonable  Cewld hover very -eld., ¢ ald do
turns over o spob very well. Very rarelywweat owteude the 7-54 square, Jouid do the quiek stops quite well
althowh {4 did zeem that T couldn't renlly generase high enougn veleelbics with the eontrol power Thal, Tn
other words, for the quick stop I woudd have expected to get a MEtle hizher spred aoing and nake 4 ruch guicaer, oL,
g this may be atunetion of the gearing T cvore or it may just be a aetion of e dynanfcr of the alrersit, o
In any ovent, 1 was able to Ao all of the tagks with what 1 considered to b prolby eoed procision. 'The only ):
possible obJectionut.a teatare ie thal the recponre, maybe initial reqvonce, to cunivel fnpute oo a4 be n 2iste 5

e i o bt oo

clov and pessibly cont2ol pever maybe wae s Aibtle low, Thin way he wy fault, jjoine #ith the ‘e:\rine T had, 1 N
den’t-really ree that there ir anything obgecticenule steut it., In smooth air I certainly voudd rate 4% sstie- . *
factory without Improvement for the tack 1 wa. tang, with enly neplisible Qeficlencicr or some mildly wnpleacont R 2
defieiencies. In turhwience, ¥ had auite & it of trcutle. The performance in tvrbnlence certainly ®as not what é [

£ wonsd consider very rood 2o that the atrrlane wald ro into the deficicnoy-varrant-lnproverent cabepory. i o
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alde't €eed any gercat need to try 4 rarpge of conrol sentitivizies, so I left them whexa they were $nitinlly.
Al taxi around the sqasre « Responme to control inputs seered a Jittle slugglsh.about all ane., tut e gtle te
ehabtiliy o and hold Jecired velvcitied, Howover, with theze gearinps the rotes weye generally rather rroll tor
refxdy darge tnpatz, aut ¥ fodt comfortavle with 1t Do las an “itlation of 4re zation, Wer able to rtop the
notion rather rapiddy put 1t 419 teke sairly lakac atbitude chonges to lo 1%,. Could actually overcontrod Huite a
bit ond stild be ghle to stop e wotion pretty oleve to vhece I wonted i, Wag able te come §¢ g hover at the

corners fairly weil. AtLitude chonpes required webe “uirdy large, but.minly tecanse 1 wopld wait gaite awhfle !
verore ¥ vould try to stop it. AbIIALY £0 remaln witbin ground track war prethy sodd.  Was able to hold heading

well,  Contrel defleations were very often n tae faix‘ly large sfde. Abliity to hold heading wasn'l tad ab ull,

venten) woticns were fairly lares. Turn over & onot « I tnenshé py performances woe very good on far as pakine '
tayne and hevering; heipht eoatre. ¢ no partiediar roblem, Could initiste and maintnin the turn rals, 4

teens to e 1t'0 atrictly mechanlest  wopur’s lne vodee dn o certaln wround, fet up £one kind of yaw rate and

thnt's i, Yov 2ur prectacuaily tahe 5o = fov bosY v rudder and it will Jurt stay there, and when vau pet w!thin

% or X0 dega of wbere vov want to ctop, st gut in the opposcie rudder, Deesn't seew to be wny prticular

trouble as 1 ocar stop ab b vrescleeted be  dng vory seid. No wing $11% cout=ol vaed.  Certalnly { could establish

hover quite woll, went rol wan sdequate for vertical 1+as. 4. I would probally say the mat objectionable feature

was that the aireraft vasn't very roapontive,. The fav ©3 e “eature 1o dnat T can do a1 the mrneuvers with oot

precision,
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Cnee you cstaublish a velocity while, x:ihrc\:'mri'rg it can be held rcasombly well, %he problien was in.ini¢l aur:; it
in such a way-that the pilod. dn'* ascidlade or: dcvelcp a PIO, Abiifty to- ‘ptep precisely <as a ljttle problen K
tecause of the dy‘m...ics ard ire neces*ity for th~ pilot. o Feduce kig gaine €0 he aan't get into a PIO. I think ot
there are times when the attitude changes are rather, la:gc, espe(cian:' in pitch, but in fAct the attitude changes :
are rea;w tairly Swll, Wowdd, rate the abi‘L’y tc cemaln v.thin grourd track 11::%5, to hold headings and to
nold aititude-as !'a}.r. Scezied like the.nltd *uc.cfcontrol was not quice ac precise as & sired, minly bcc'usc T vas
conccntmt!ng pore o uttitude inputs becavse of this tendency to get into o PO, Did seex thut I wes raY .07 tome
fairly large contiol deflections in pitch and roll. To-get large -~k angle (10 deg max) rapidly and ¥ . try to
stop it resilted in getting bc:Mnd the oscilln*ion. That part of e prodlex was strictly pilo -induced. For
small corrections, didn't have thu.t troublis. at; all, chlly noticed this.only fn the large inpvts and when I
required 1¢.r5e, high rates, Den't think I was able o accesplish what you might censider- & quick stap zaneuver, M
i § tr.cd I Just- x‘ut that I didn't know whether I could stop the motl don, hecause I got. ir.to a pilot oscilliation,

Doalt thir.!' there wer-v?r:y rxcess {va u.tth ude.changes; was Just cavtions ubm.t setting the aireraft to rove t
lutcra_ly n.x:d naintain rcr.soz.ablc ra‘cs 3 L.could avoid o"cillntlon. onnt} to hold: hcnding and altitule vas

sor:.cuhat dcgradcd I think- minlyrbecausc 1 vas more ucrricd about atovp.ng s, 'I‘urning over & Srot didn't pro-

vide ::uch trouvle. Would be dnftix\r s.xiftle but cowld meke cortcct.on Only tizme I felt in-troudle was wnen

attitudo rates got high. The ob;gectmnublc fedoure 1s that lo.rge attituie dmngee red to te r.sdeﬁslcwly to avold

gettimg into sn- overeontrol’ situstion apd P10, Hnwevu:, for -'all anplitudes and™ sm"l corrections, and when

things were fn‘..q well stabilized, the precisicn - contro:. wasn't bad &t all, Specdnl piloting technlque -is to

zoke confr.t inpits 83 as to stay away {rem eseiliatory t.cndoncy
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Triad higher lateral end X rg':tudinal sensitivities-and repld, levge azplitude maneuvers, With the igher
cencitivities I cowld ao & pre~ty gocd 10\\ althoush T secued to be = little mexe: 3sc111atory, 80 T devdded to
reduce the gains So roughly the initisd valuc... Alr tari around the cquare - Racponse to coniecl inpute eems a
lxttle sluysish. }.cvcvex-, it's not realldy dirfu\u.-, te stebiline and hold desired velocities even theugh-a little
on-tho- slow de. Abu‘ty to stop: precisel} not-too bad. Secred to be a relatively easy thing Lo stop prveiscw.
Attitude dmnges may bo.e.litts s on the hish side. Abidity to remniu wi thm erovnd trask Mz s was quite good.
Couta hold .:ea\.mg £ aalt tude quite-well, Control deflections at tizes semted: to be ¢n the lurge side with this
geardng. :or»nxar,lc, m«ge' 5 ig o bank angle reruire slnost xdl throy,. nlthc\.ah I'n Aot hitting the tops.
Dida’< wie Yy trim, Quick stops » Wils this.gear ratie you don't eel.y pidh up very Lérge velocities., After
nsking an .n;,u. it takes:a litue whu. for Lhe velocs*y to plck upe 20 fetermine how- ruch o lead §% to stop
atdn's seem t6:0é a very d.f“icut thing. Ability Yo hold nesding, and altitude wue quite peod.  Convrsl motiens
required aro-substd ntial tub.ma ble. Ability te hover over & spet was very good, Meight. control nio provlem.
Fitehrand io.}l control. quite-gond,  Abili%y to initlate and hold turn rates ac problen and stopping oo a-pre-
celected heading no problem, I was ver, ‘happy with the precision of tha hover. precision of the turns, scilily to
stop tn rotions; evea though there sre some lags iu the system they were s4ill qulte noticeeble, Cenural activity
Ter versieal.landing is prebably rairly norsal for a-VSTOL alrplane, Ihe tasic peod 1ee.~ure 18 taob the perform.
ange 15 quite good withodt excessive workload., lio particulpr pileting sechnigues. . think it's acceptadble snd
catisfactory, probably deesn't nced any smprovements unles. you are lu king for s hizhly responsive adreraft,
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There §8 no question thut this is an unscceptable confipurotdon, 1 tricd s range of longitudinal consrel
cepsativities begause I got dnte a lengiludingl PIC which nag siv largs and I was ev far behind 1t that I in effect
tost conbrol, inerenstd the sensitivity; this secmed to improve-tiirgs sormevwhat oS long a5 1 [Mew tne aurplane
very dightly and with coall arplitude displacenents, Could bu the plich rate and attitude both wivpie un here te
et ze into trouble, I X got the afveralt moving forvard pretty fast in tiping tu quick stop, Jt required very
larve nitch attdtude to stop 14, Thiz &e shen I gol into what appeared tu be o very la?gc anrlitvde situntion
shere, §p effent, | lost coatrol, Did this about three or four tines and went back to initisl conditions, ‘e
can contrel the xareraft and Jo the maneuver task mut you hiave ro do % with snmsll ampliwudes and zlev rater un
pitch attitude. wnco-you get into lexge esplitude displacesents and high piteh rates, then, iu cffeck, comteol
w33 1ost, Would have to rate this an wnacceptable gonfiguratisn, 1t £, ke cuibool poser was wuy dowy aad so
1 Just can't accey’ e afvplane,
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&epretty lousy configuration; nou aearly 8s vad as-the one 1 Just had (Calh), buk was similar characteristics, j
althoush the.bigzest prodbler oith this one appears te de in ..ntx‘on:m‘, longitudinel posit.on. Jon't seer tu have
rch control of forvard and aft \wloc‘t‘ s or of belng sbls t¢ etop &b with.any degres of precision, lateral cor-
trol 48 not very jJood, but does seem to b & 145tke battar then l:mif,udlwl. Initial vesponse to confansl inpass
seeds to be slow; however, cnce you get it etartea you do seem Lo have dbTiculty establishing a yartfcudar rate,
Lt doer seen to take a lorge pilch adtitude chuige to get 4% moving and to otep 4%, Don't coed o heve any idea
when to-wake control reversals to roop 1t ,rec..el.(. Pon't think my ground truck was very good it amy 203C.
Alwrys had scme headd :15 problms here because 1'm vexy often Inadvwertently putting rudder in when I'm irying to
turn or bank, Where 1% alopped 'in the q\uc stops was unpradictetle, Can't step it vhere X vanoot 1. Theu
frying to hold 1t was alsa s yproblem, Turning over 8 6pot was.quite regged. errors were on the order of 21 or
"0 £t from the center. Arxed flylng it very tightly but jfust vasn't really able $¢ stecepilsh i4. Performance
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TABLE 1)-TX(a) {Continued)

460 gise poor. Tming Yo malntain a hever resulted jn positicn crrers on the ordes of 1210 to 45 ft. Nuc fire d
have adejuace contaol fox veroical landing. I suppose you might have soxe veiocity, wid Just 8¢ -ehesad and lsnd
iz, bt frying-te it & Spot ds quite diffveuls, lots.of coatrel activity, Oojecticncdle x‘eatu:-es » the Jaze

7 funt den't reen to htow wrai kiRt of fupatt tu Tane ta stop mob tons o1 initiete ;:m;iox... of Tie ..sg,nitudc and tne
precisics desir:d., Noirtal s-wcial plictlig t“»hhAq“Eu cxedpt-that you'try 4o zccund-;ues or u.'mcipa,ea.he
frputs. Pasically "$78 & very poor configeretion fién the standpolnt of rcci*lm of eont .. and jex: fortance,

e CL6 B Yo, £ 000 g 4 0.9 g, 2 00K Gy méy, ® 0 Hg m SHE0 Lp, x Q% PR = 3.5
T txled -evaral control-gensiffvitles. At the higrer vaiues, got into s PT0 probluws.and soes  fercentrol
Jrch..s, £0 1 .ecusca thez & Little. There is sm lag in the rcspon.m 0 control fnputs snd §t wves take a fuls
a:ay\.nt S attitude chage to get thinge rovidg, b it's fot excessive, Can zafnte!n velciatlss ofce I wve estab-
iished thr.‘. a5, leng as they are not too nfghs 1 do sazmita yun into seize poeblens 4 I dncrease ry gain-ond 'z.uke
1z sew Inputs; in other wurar, i the cates nye !‘aix‘.y high and 1t tekes .an;!: amplitude aitltude ghanges Lo 'ow
thie motion, Then I got into scue over.cntrsl sna otcilletory tendencies, for 16~ &nd noderatvely leu veloeti a6 1
ansrtop tairly wel” oo the-cornere, FPerformance cn ground trach uusn“ tep bad, Holdinz heading was %, Suick
stops - Mouldn't sy these ave :'oal.".y good GRick Steps, The mefn.problen §€ thet I ralate ke cuick step aitn
hih rate walaniedegiend large 2uphitvde pitch or bank angles, whers I get into troublé. So I've been a dittle
hesitant t" get it ;c‘...p. too fast. I edd peb into~sche FIC latorallv eme tine uhen Foms sde & fairdy rupid anck
-tcp. St ovar A sp & - That actvally wenbt very wall as Joag &3 I mud & g003 stal.c 7a%e ¢f furn and ot oo
foet, Was able 20 S.a% JuSt coout in the contar of the spot xogv oF W s tiza, ARG S.ther retes I woab s
1ittle cuteide the squate. mayie about 5 1% L swe I wan faiziy nugpy AR the hoves M. tutns, TRirdy hspry with
the low wates, voth laverel and lorgitudiral, not 00 Tappy with e Juier vichi  Oeaerally, 1% tahes- & moderate
arount of sencentrn at&m. 1 shinx [ A4é Induce some sors of Imceral osnrildlition a2t tines,.especisily whon 1 foll
I nac $C MaKe some yredsy rapld fnguts.

Case "LI7 BOL Mg, » 0ER Iy, v GU33¢ 1,
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Didat 4o teo rmich on the gearinds, 1 ceqd to he abic 1 {1y the airplane px-e Ly well fo I oaly ehang2d-the
Yanritudinel sensitivity o Jittle. Respencr 6o contres hp\.t, seeme to ve prevty fair. ¥es sble te initlaze
motfens out t'a-not ag gesyonsive s i would 1i%e A%, Az Jamg as I radutain . and ¢ .0 zoderately Jow wwlues,
there Lx ac provies In zalntaladis, Aveirnd velovities, lhere is & Io., in e revponse dn uv-and v to coatrel
inputn, hwt the abtitude coanwes rquited 1o oot the airplane o nove in the o and y darestion céem o be only
naderate,  Tireh attitede cnangss and roil astitule cnanges Lo riop the roulons sect whas | wiuld rate-as roders
ate,  tonld riefer to have tmalliur shanges X‘(‘-U.l ed cut $'e Lot really too b-.'.‘. Precision 1o £ty over rround
trackrwar fafy also. Kld foke sors effort, int gerfomance was 1o 20 bad,  Rolding heddsng was nst a prodlen
an: gltituds control wat 4 00d anl cuntrel aet Lccucn. wers sodexstes Quliek stope <« Den't ininl §4's.as cood an I
wordd 1i%e-to ren it dul it's Pealls not too ond cathar, Does take pratuy laurge atsitude chengessto parforsm o

- aulex sbep.  Mrn over a £Pet - as fadr 44 Fools At ueast § d10u'S Yave o work toc haid and 1 cowid probably
rony Within about 10 4 of the center o the square, lo probless ‘novdaving and stopoing the ;urﬁ. Agndn 1 did
not yurh the rete, Tn the hover thl po formsrae was prets; gcocds  Did have' iy wsork feirdy hurd dut not sxces-
sively har to 40 2 Teasonablc Job, alw uish veu're alwsve nascine inpuis.  Serteinly 2dequate fov certicol Jandin

. and centrol gevavit, woudi Yo corsderey as roderuie 4o -uiem*.e)y piehs  Some flight cra-;'-coupli o Latweon
:\teral and longioudinaa modes, 1 uesc the only ol jactionedle feature I cuould foc va- the teck of reeponsiveness
of the aivplane in the uw anc v ¢e1cc1Ue Rilty 1o tap preci el,, and the small g In respdnse ~f the alve
erft £ mtderaie ontrol T2, adRo, ‘.hn sytitude rhanges are rayte o little higher thar wounla ilke. You can
ana Lome, pemrovenents on e ﬂrplar.e. Desired pariormunce requires moderate pllot cenpensution.

Sare CLB ML Fe, b gy UL U o UL ow tavy O Mg, o OB Ly 00 WS

LAl crvoral Ladwe m ~f contred sensf{divaty.  increased the seasitivisy and didn't pavtdceuiarly like 3t :eznuce §
et inte ort 1ot of jasvteinduced wcxlladon, rainly in roid, There i s'1) seus lag in the reopanse ia the
Fizplacerents ank veloeitier of the ircrart, Tt wuf & sert oi nmoderately Aafficult cenfisvration to idy. hes
alle tn le cene things ws hoprably greed-presision, oud 44 did teXe & ot of concentration, 16 4ld hnve a teacency
2o 1y the cuntrol dnyut., gouo bod to anbicizaie stovping ine zmetion »f the airevaft Iaterally ana Jongitudinaliy,
Fiteh vesqon . roll vetpons:, yew rezpenss 21l proviy geod.  Hespensiveness in the lnitiation o metlon-and -the
stopping of the movion In Yae x and y dircetions wad aftected by 2age in the rysden, vas Jfi0wdt o stabilize
and hold desived velecdtiss, Thun to try £0 atep it at any preqase point wae also sopevhal ALffisudt, I was etle
o Bover pretgy well, b 1t Gld wie juive & Wit of con.mtre.hon. I doing s¢, theoe were rome excursions in
tieight out mt wes ensily compensated with ccllectlve ippita. Hn ght control was quite aleguate: gooé dei'-pms in
. height. There 1o sori of & covsagrow sffact when yoo elort turni.m, Jdependsar on the vate at whish you Swrn
There {2 o terdency fo arsp down {n altitude, Sure sthere ix a lese of 140t aa it does roquire scrie noticeadbls
pover input to paintnin altifwde. Ned a tewdency fo J-3c wltitude in the turn over a Spe. Also seered to be
poser roquirel Shen Iorels tene rapld lazera.s and Jongituding disyhce'cnt Ae for as precision around-the
ground tracn. % and y vas 30rt ol roxgh, especially & tno v alrectd I uas ¢ithor tov far shiead or %00 far
verind the spob.  Quick stups - It7a sorh of 1 Bit-ur-nits ,,rcpositicn, althoz.gn 1 ranaged to stop at the spot
fulrly well, but Srying to held i there was net sasy. There did scem o be corme fairk; large contrel moticns
requirved, Turning over i-shwt = | Mhirk the abliity & otay ovar the spot was only falr, I was always raking
corroctions., Nidn't make Jefy Tast turns. fith 1Dese moderate turn rater I sas able to ctop it within about

S deg-of desived heading. Yover precirion was fais, Mt I had & work fairly hard at 1%, Jertainly adequate fer
vertical 3anding and control aativity was alrost scustant, Theve Were some X cros-courlisg effects between longi«
tudinal zotlons and laterul or hank angles, I slvays had that odledn, I oguesr tho mosy cbjacticnable feature i3
the fact that sou do lave to antielpake stoyplng ¢f x and y =084 . and piteh attitude changes, Pitch attitude
Whanges seem to-he falrly larga Lo raneuver, verall. 1% dues rcquir‘e roderate to ronsideradle pilst cospensation
to do most of the tasks, erpecially the quick ctops.
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ihis was not a very good- .ont.‘.mnt!m. I played arvend a l‘_tne with the gedrings, ,but me‘rmn vnl.x\.s are

essentialiyv ke the prcvi’*.xs *or\:’ig\mtim. Even for .ehtiwl,' s._&ll explitule- disphce:ent: %nd ~ates, Just

didn'l think the yrm.xsicxz of cmtro‘ and the prcci::on of ‘the task were adequate. Pon't beuc e 1 ever felt T i

(.cnpler.e.\y -lost, ccn 'ol, b\.b there wers zus ahen ve"y .argc ,xc\.rsiom. wers cbvious. Cuick stons --1 ceuld stop. !

it, vut then I co.x_d'-'t u\ nta.‘r. position® 2t the's stopeing. pomt. ’hen u_v.ng to bring it ac& 5 nover wac quite ¢

a prcb.m:. Cauld :rcbsb&v Stop the Tn s hiading within- about -5 deg. Precision of acver was rzdr, vidt it !

did take 7. ;)re.,t',' .fa.‘.r et of ccnccn “e?ion. I um.ld probabl; be 2t1€ to land, although I'd }‘ave to bc qaite ’

carefit- vL:.‘x it: Height contxdl, no-tcvcr. didn't ..em to-be a; tig Probl e, a.t!mugh Lhere was cne .mreuver where O

I.think ¥ def4sthe altitude 8o gll the .:ay \.wn to 20 ft., I quess the x,r..xaacy obj-v'ic'l 1s the h!.tie*ion of .

‘rmsh:ym. ‘ctm’x is slugghsh and cnce you 5et the motion started. it'c difficult tu §top it. Ditchy gcntrol ie K

cercamly qx i1te adequat... lateral- ccnt“cl scened & ‘itue‘slugg;s‘x. ihe attitudes *eouir»d to stop the airplane :

oace ycu 24t 1% -moving are fa.ix-u h.“bc, sp‘,dan:,' in pit c‘1. D'.é:x'* see Ay -t‘:ins too ra. vorsblc nbouf the eon- R

tigqra.cwn. There is5 r..)»bitch or h&ex a2l o..cllhtlon ‘.hat ls hir,‘xly obj'c*iomble, 36 tre damping i’ pitch and k

roll is p"ctty gooe. The problm is a_one, the axes ia t:.zmslation and n.lsc the 2arge displacemente in berds angle- ;

A piteh atfitude.that sve requirad to get tie eirplaneto nove and stop. C
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TABLE W I(b) (Continued)
(b) Height Control

Tare G Ty, < 2w, = 0 R < UL Tge = 3R PR e 10

Irfeacy tash was & evolunte abui.wto zaintain hefght control «hile dofng basic tasks, [t°¢ quite cbviour you've
ab..olv)..ely no st.abuity, no Aaz=ping inf height control, so the puoz ctarts off chasing sltitude. ‘fhe tack i3

very, 'u-ry sc\'erl-. 3 wus overcontrolding very, very sch with the collective, I tried it’again much nore care-
Lully and wat act,.nny able to get-off the ground and csteblish sbeut 50 £t and had pretiy fzocd control.ofalti-
tude for a 'hort tize, raybc cn the .order of a ainvte o two, and yas alse atle tc hovar over the spot at -the care
tize fairly weli, bus wag sncrding mich time centrolling altitude. So everything lcorzed goods ther T tried to
start the nancuver. Asz.Scon as I 4id this, the altftude changed a little, 20 I tried to chase 1€ ity larger ana
).az,,er colleetive ixmuta. Was goingvdewn to nbout 40 £t and u} To about 80.0r 90 £t, Thet'z.prasty poor. It vas
obvicut thal practiczlly all my tize weuld have $o be devoled !) helght coatrol and there would be very listle
time to do anything else with the aircra.ft. On:the basis of he Lf;h‘ control alene, I would havée o rate this cen-
figuretion campletely unccceptab.-. Control will de lest in zooe portion.of required cperaticn,

Case (32 Zary © Tug 7 =0.25 LR Z5s * 3.00 R«=5
an.xired a falr anctnt of :soni’orira of height contral, The best I could ds was to maintain altitude about 220
to 210 'z, Luz this tock a falr shount of ffort. I did all of the raneuvers, Didn't rcally think that these
mncu-ver wers too tad, Scme degrading aisht have occurred in perfurmance due to tize spcn‘. =onitoring helght
cen trol. Always shooting for 5 I't, but thit time T doudled that on the average to 220 ££, Afr taxi arcund the
squ:re respmsc to controls really wasn't too bad, Was oble to inltiate motion in eachugircct!on. General
ccr«onts - ns*cn‘iau_;, I had & fair emownt of eonitoring on halght control with rather Iarge excursions,
much ac 20 £t high and adout 15 £t low from the neminal 50 £t that I'm shootins‘!cr.
height control vas abeut 220 {t. Required reasonable amount of monitoring. Didn'$ choose any control sencitivity,
Just acccpted whAt waz here as being reasonable. Coudd do a1l the zancuvers ressonably well, However, during the
rcre rapid and largel smpldtude rancuvers I had tc monitor the-height a little pore carefully dbecause it would
terd fo eith-r ¢lizb or descend as ¥ rade thesé large amplitude inputs. Mest obicct'om‘blc featurerwould be ihe
height ccn.ml' T would certainly like to have it b2 belter, Favorgdble feature, I think, was the fact that, in
spite of height control, T was ctill able tn dc-all. manewvers reasonably. well,

Sty ac
Cn the average, however,

Casé ‘A3 Ly = Dug = =035 W e UL Zpe = 3,20 R = 3.5

Conteol sen..ltivity - Finally choce this ene, which ic a 1ittle lover gain than weuld have really liked frow e

stanipoint o Snitial responsc. With higher sensitivities, got into other 1ittle problems Like a ¢endency to
overcqnt—:aL some, o I Sinakly basked off, Tax) around the cquare responsgs ¢ inputs was fair, Abnlt.y to
stabilize anl hodt deslved veloclties.was fafr. <ould step and come to a-hover at the corners feaccnably well,
althowh a(aln it takes fairly large and “apiu inputt Lo stop. It does take fairly larre pitch and roll nttia
tudes; the bank angles aré usualdy Zss8 than 5 dep and 4n piteh less than % dep., However, was adle tc maintain
p,rvmd track quite well and no p*ohlm {n koldirg heading lecanse you Just xeep your feet off the rudders in
effect, and the-frictidnihelda 3t chce you establish that you have 1o rate of turn. 2ltitude controi - Spent some
time on 1% could raintain altitude iF T wented bo within *5 £4 Cor normal mancuvering. ot true when I went into
large amplitude, very rapld or at leact attempted o mahe very rapid inputs to establish higher rates. IHere
neight control problen tecome a little more cbvicus. Quick stops = Tould-stop quickly but, consbliering that rates
arc fairly lov, the attilude changes sppearcd to Lo falrly hich. Jo attifuds 2onirad deern t scem to be ruch of a
provies; holeht controd o 21t42e biv of e protlen, definitedy noviceable t,hat ¥ou 4o have ¢~ spend core time on
iz, D initiste and Yold furn rates without prcdlem:y zan s50p on presclected headsny even at vory hish rates.
Didn't us2 gny OF the wing til% control. Precisfon hover ~ Vertical londing - Was avde to establish-and maintain
precise hover guite well, a Xittds skidierish tut not really oo vad; couldd generally riay vell within the 7-1¢
rquare. Tie dynasmics of cne axis did nob affect the evaluation of another. Cvernll evaluation = Sorewhat of jec-
tionuble fenture was that you have to ook at the height control, but it rcally wasn't that bin s fealare., dus
ronsonacly rotirfied that I conld meet ry criterion of 5 ft, but to do that 1t requires mayte u ligvle rore tinn
end eross reference than 15 desiradble, Favorable features - The fact that T can do al) the rancuveys with gazsen-
able yrecision In a fairdy good woy. No rpecial piloting technigue.

sage il Tag - i - 0,175 T o= 2,00 L5, ™ 470 PR . 25
Control sonsitivities - Added a 2ittle cennifivity. it seemed to be a Little tetter, I weuld say fenevally this
vag & folr coniimuration, Aly texi - The precision of vontrel (& still not really er noed ac I would like i,
The small cenciflvity chanie helpad some. B4211 ot the i'oeling, there are appreciable lags frow collective inpudt
and in stopplng the-rates of descant or rates of cll. 1 can Dind u falrly weil eiabilized altfinde with scme
effert, It takes ceverali power inpuie and crossecnecking \,» tween tne dleplay and adbiueter £5 find 1. Aftern
while yeu nuréd of mechanicedly put the power 3o and pro o vaies of derceat. Tc ot the rates of deceent under
centeol, you rke a fairly Yesve faput and then kold §t for n recond or tvo and take jart of Lt oub apain and
then cross-check the altlmoler and dicplay. Tt rocned 4+ me that waybe £ £4/see is sbout op kirh as I wonld 1ike
to rov oy 1ike to go with thic thing, (ue £13¢ T had o alriy hien rate of dezcent going and got down te sbout
32 £% on the altinetor. Was wondering siether [ weuld te atle to stop she rate of descont defore touching dosm.
Touchdowr. {6 abmt 9 £6. I o651l thin% there e cape lnitabdon bers,  I4%s prodably a comdination of 1imited

thrust avaiiable plus acredymemie damplny and arttic,al domping. 1 can't aifferentiste; 18'¢ a comnination, I
thirk.

At fsr an hedpht conlrol 12 concrrpsa, you ¢ atld do o fadr oY of fiytng the alrplsne, You can et ode-
quate perfrrmance; 15 At satiofactory without improvement? Maybe you have cime rodarate yilot compensasisns to
get the srecialon you want, There-are asain 1u L3 Lo how fatl you con £o up ‘.nr\ down ard 8ti3l b2 adble $o control
thoe rate of Ailab ar the rate of deacont. Pracision of control, apain, dcas ake a certain asmount of plist offort
to get Lne proper pover setting, co freéquensy OF colicebivae input 1z maybte a litlle higher thon you would like.
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“PABLE D-7I(b) (Continued)

Case O Zyg » O Zwg =+ +0.35 T = 202 25 + D00 Fa= b

The hover performance wac rtu.on..ble. Tried quite o fav control fensitivitics. [ was baving scme lags in heigat
centrol respense to collective which 1 coudd izyrove by incrt.auinc the gensitivity., T had a tendeacy to then
overconsrol, so I went back toward the lower sensitivity, T.waen't too.hapyy with the precision o1 height control,
Had %o spend a falr acount of time at it and alrosé Im'.u-i. bly vhen I id T had trouble trying to maintain.xy
positicn over the spet. Hewever, it was not *ca.hr that hortepdous. 1t was one of & hose cmﬂe\mtxcns that, if

the rrtes.of chenge in helght wore kept to a 10w devel, I vwas able torestablish & .-bead,v-stat" heioht reatonably
scll, but again vith quite a mwmber-of collective inputs. At the higner rates, did. merccn:rol quite & bit, vhen
I reduced rates o fairly low lcvels, maybe a had-foo} per second or semething in t.ha' order, it gets reasemable
38 fav as precision, with come ef ‘ort you.raybe con eszablich a hover hefght accut £5 £, 14's certainly control-
lable., I.can pet adequate perforhi-uce.with tolerable workioad, L.would 4% ink- you “301116 irpreve this soms; I
wasn't-too-happy with the precis 132 0f control only -aecuu e it took quite a bit of effery, a lot of collective
inputs to finally extablish a ..ttu.dw-,ta‘ heéver ‘mie}x 1 woudd- probably think it'c.at least a moderste cotpens
sation regquired, I'm not realdy suv. whether I ran ont af thrust, Had the feeling that possibly at the higher
rates it tock a farge asount of colledtive £o stop the sate of sink.

Cuse CHG Ty % Tyg 7 ~0.0% TM = 2,05 25, * 3.20 R -6

Selecticn of the geariny wus predicated primrily on :cducin& overcentrol tendencies. Ended up I think with the
minimm gearing available. 7 had gone up fairly high with hwcvcr, there $8 & vary civong tepdency to over-
ctmtm], o I was going up and down like a yo-yo p IV~ :§ .hilr.. Iwas g mdin; a fair axount of time on the het
control when I was tying to La precise with 1%; thet detériorated the perforrance cn the X-¥.plane. ‘the ovcra.n
.mprptsio-z isTthat i‘ i not a very good conrisura‘icn. I suspeet that it's a da..pinc yroblcu pnmril,/, but I
couldn’t care less-whether it ic damping or the factithat I ray hsve lazs in the:poier ap;ncaclon, or that there
ic & dack of excess: thrust ovailable. The erd Yent ie'the came, The p*eci-&on cf height sentrol is Just not
there, I coinnd proLava land 4 23 leng s I can Yecn the rates dcn, Heve to work pretty nerd,,%tough,
cotablish exactly 20 £t cr exactly o £t w Lthing say, 2 £t; that's & falrly difficelt tuck, I does wurrant

mprrvc.ent. I4 has very objectionsble but tolzrable deficiencies, Adaquate performance recuives extensive pilot
coupentation.

se CHY  Tary % T - 0178 TN - 1,05 Zge - 1AL b IR

I didn'%; change the sensitivities on gollective, Just accepted what 1 had, rainly cecause at seezed adeguste, T
did 8 1ittle dbetter !n hov:-r, Lt I'm otild having toush tize Ly ing Iengitudinal and lateral noles so I concen-
tratéd rore on the hover in crluating the helpht control. It's o matter of rates, i think, I I reep thesrates
reascnably lew. ! have sexe precision, I I try to Specd mp the reuponse, I'm way ochind ihe afrplane in trying
to recover il. I think-the objectionalle feetwres are tne lesd time requited in stopping the notion once you get
it -ncvin(;, the lag in getting come noticeable novement when.you raxe the input and the fact thet whe precicton of
centrol in all axco wag - sather reor. XL I zeb up nich rates of descent and hiiph rates of cllmb, tnen the precs-
sfon Just foa'd thern.  You pet an overshoot of al least lu £t or more in the clird dircetion, 3'm a little rac
he..itant to allew i% to drop below 20 't go I tend £o ruke sharper, fastur, lareer inputs when the rate of dessent

fafrly high and 'nm appro‘.chim' 26 ft, It's lize bang-bany c.o-xcrol, yau jnat put 1t in and say take some of it
ou(. because you know you probebly have oversentrolled, Thinz it is controllable. Adeguatc performanze with a
tolernble workload? Not If you'se talking about the verall task.

Case (U8 Ty, Bug v 005 TAL s .05 250 ~ 1.5 BR- 3

It iz ££111 not very good, bul I manaced $o hover «. times elmost within the square, wnich 15 protiy rocd, The
sgre thinge tother me in longitudinal and lateral control: the lags, the turbulence, poesidly the rearing is
invelved in there also. On the preclslon of vevtical contrel, I was adle to go down to 20 £t and hold 1 there
while T attempted €0 do some paneuvers, went back up to WO % and hit it feirdy well, For leny perioic of tire
e hiofrht control required no attenticn, Also atiempted sowe high fates of deccent and olimr. The $izme that I
have to concontrate on the helght centrol ic fairly wminimal, Precision of height control was pretty , ood and tae
fuct that you can pretty much sct the collective and the hefght steys fairdy closc to where you put it, certainly
within the % f4; that's pretty good. It secned thav thers was always scmevhat of o lag, but 1 think that's probe
avly-buils nf~ the albimeter, Fossibly some of this huntius for the proper collective positicniroy be canged by
that 14¢ In e ailimeter. Only minor or ninfnal pilot coupensation reguired,

case CHG Ty - Tug = 0,05 M 100 Zge = Subk PR e 15

I played around «wiin the collestive sensftivity quite a bit ond was now sble £o £ind anything I liked. A5 1
increesed the censitivity, I wcrcontrollcd very tadly. I had staxted ovt-with the sensftivity to the mintmw
sition on the lever anu wa S up Just a litlde, bui- thet pgave ge sll kinds of trouble, [ picked something
halfway between. f was séild huvine trovbles go I finally settled on having nintwm sensitivity and that still
gave re the same kinds-of prollems T had on-the previous configuraticn {CHll} evcc'at more accentuated, Yo pet
the thing moving 1t sedns to take quite s bit of thrust; once you get it reving, though, to stop it tades guite a
bit of collective changy s¢ T suspect we have. rome ticgmdabim in the heiyht danping, plus the fact that possivly
we hove low éxcess thrust avellisble for height control, End result s tna.t gerformance on the tasks, lengftudinal
and lateral, was quite bad, Didn'S even try the lateral dicplaccnents was having encupgh troutle .u.h pitch,

205

3

Lyrean

W

e g

0w




TABLE D-II{o) (Concluded)

U'sed 2 pood porticn of tize just 4rying to keep the airpiane at proper sltitude or at least trying to stay closs
to the 20 £t or 40 £t altitude. i vas overchooting av least 10 ft. Have a tendency to fly tighter when I'm
poing down toan when I'm golng up. Madn cbjection was thrt I d1d not have precision of height contral. I think
there were cizes when 1 did manave %o have the power lever just about right but then every tims you rancuver the
sfizlance to some extent you do have quite & bit of activiey with the collective,

fage CHIO  Zuy ~ Zug = 0,125 T/ = 120 g = 151 RS

The initial controd sensitivity on the collective wes a iittle bigh and I overconirclied very dadly, uo I cut the
senslélvity dom some, Was having more predlems with hover than anything else on this configuratien. Seems to
e subgtantial lead required both In pitch and w0l but it's more ctvious in the piteh mais. The dynasies are
2150 & problen, I had Lo wake regsonable nusber cf collective inputs to maintain U0 ft. However, it zeczed &¢ be
a reasonchle task, On the cther hand, vhen I started to rake clicds an2 descents to adout 20 £t and back up to
4G £t, 55523 had a tendency to cvercontrei with ihe collective because there seemed to be a lack of hrust or
there vas o Jag in the respouss of the thrust; either way you would gen the ssme effect. Overall performance of
thz tasks war quita poor; especially the hover; I really had troudle with that, A& dong as 1 did things at
reasonably iow rates, I could rmarage to do the task. If 1 fried vo push the airplane and forze it to respond et
higher rates, ‘hen everything seermed %o go to por. I don't really think I ccvld do & quick stop with thic thing
tco well, I didn't try any turnc over the spot. Precision of hover, I thought, was quite poor and I hed Jiffi-
culty in cstablishing reascnoble ratec of descent snd clizds so J sould stop the hefsht exectly where 1 wunted it,
I think it was probably adequate for verticsd landing as far as helght control wue soncarned, tul I'm not too sure
about being adle Lo hit o Spot vith any dagree of precisicn, Control ectivity was quite large; I was continucusly
making inputs, Overell, there wasn't anythirg I particulariy liked aboub 1%, bur I ths. tht 1t was flysble witl, s
falrly large amownt off effort. 14 takes gquite a bit of concentration.

Case CHIl Ty ® Tz, = -0175 T/« 1,10 25 = £.39 R=3

Don't have the feeling I have very precise csntdol of the alreraft: however, I managed to kesp reasonable control.
L' Just concentrating on height control that's a peoblex, DBy using low rases for take-off and changing sltitude
by 20 £t from 40 £t to 70 £4 and bnek to LO £t, did seem 1o have reasonadble precision within ebous 1 or ™ ft,
However, 1 did 40 a couple of raneuvers where I increaced the rates fafrldy high and did have scme overchoot prat-
lems.  Got the impression thab 1% was because I niceded more collective displacement ther I would normally like to
uge; it seemad I was neing ouite a bil of power. The excess power available is not &5 much af [ would lixe. T
den't think it wao associated vith dasping per se bectuse generally I could stabilize predty well at Lt ©4 and

20 £t with just a roacrate anount of huncing., (bjectiorable feature - I think {t was Just at the higher rates; tcc
mach collective aisplacement war required. Favorsble features were that, by keepins the rates reasonably slow, Y
was able o have pretty precise control of altifude. Ne special plloting techniques except that, because of lJags
in the lateral and longitudinal dynamics, you have to lead th? power application if your rates of descent or rate
of clirb get too high. It's hard to ray exactly what those rates are, but if yeu're going to change 00 £4 in more
than atout 30 sec, then you ray vet into some power applicaticn probleme. I suspect it was probably lack of suf
ficlent excexs thrust avallavle for control.
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AYZENDIX E

CONTROL~MOMENT EXCEEDAWCE PLOTS FCR
THE MANEUVERING SUBTASK

Pitch, roll, yaw snd height control power erxceedance-data ccuputed for a
range of reference moment levels are contained in this Appendix. Initially,
exceedance plots ere prasent for pitch, roll anrd combined pitch and roil
contrcl moment data measured during the maneuvering subtaskh. The effects of
turtulence intensity, aircraft speed stability and drag rexaweter, level of
aircraft pitch and roll dynamics, control lags, rate and control ccupling,
and indepvendent thrust-vector conbrol cen be seen in these exceedancs data.
The change in thrust-ussge sxceelance values with Leight velouity damping
are presented next, and the final figure in this Appendix contsins the yaw
control-mement-usage excesdence results. In general, the effects of the
different veremeters exemined on control-power usage, as defined by the
exceedance data in this Appendix, are consistent with the effects noted
(for the maneuvering subtask) by comparing the 5-percent exceedance levels,
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Results Computed for Increased Thrust Commands
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APPENDIX F

AUDTEIONAT DETATLS OF THE UARL FLIGHT STMULATION

This Aprendix is a supplement te the description of the UARL flight
sinmlation contained in this report (Section II.B). Details of the equations
used to represent V/STOL aircraf't motion in hovering and low-speed flight
are discussed initially, here, The characteristics of the flight simulator
contiols are detailed next and the wobtion washout logic is deserived in the
Linel secticn of this Appendix.

4, TFavations oi Motion

‘The generel form of the six-degree-of-freedom perturbvation eguations of
wmoticn for V/'STOL hovering end low-speed f£light are given in Zq. (F-1).

ft

Mgu + Mp0 + Mg - § = -Mg Be - My (ug + Uy cosy)

I

Ly + Lyd+ Lp - D = ~I5 8 - Ly (v - Uy siny)

Ny + Hpr - r = - Ng 8 - Ny (vg - Uy siny)

X - g+ rv - g (sinf+ sin) - b= - Ny (ug + Up cosd) - Xg Be
Yv - ru kv + g singeos(0+Y) - V= - ¥y (Vg - Uy siny) - Tada >(F-1)

M- pv + au + g(l ~ cospecsh - cosfeesy) -+ W = -Zs da
v 60

Y = 0.087 T3

§ = ¢ cosg -~ x sing /
<f) = p + g siptand + r cosgtand

f = (q sing + r cos¢) secd

The various terms and symbols are described in the Idst of Symbols. The
equations are for e body axis coordinste system and heve been normslized
with aireraft mass and moments of inertia., Stebility derivatives on the
left side of the eguations describe the serodynamic, propulsive and sta~
bility sugmentation forces and moments. Terms on the right side describe
the forces and moments induced by control inputs, the simulated turbulence
and the mean wind. With the exception of Ny, the derivatives which couple
motion between axes have generally been assumed to be negligible. However,

Preceding page hlank
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piteh and roll rate coupling and control coupling were examined in one of

the longitudinal and lateral ccntrol studies (Sections II.A.L.f. and
III.A.5.). For this investigation the terms M,p end ng were added to the
leff sidée of *he pitch and roll moment equations. respectively, and the

terms Maasa and L8eae were added to the right side of these respective eque-
tions. Also, It should be ncted that the mean wind, U,, was from 000 degrees
true and it therefore affected the lateral and directional forces and menmerts,
especially durirg the £180 deg turn subtask. Finally, the relatiouskip for

7 describes the rate-commend, thumb-switch control characterictic for the
thrust-vector angle,? . The parameter TS was either O or 11 and, consequently,
the pilct could command & 5 deg/sec rate-of-change of thrust-vector angle

{or wing~tilt anglz) to trim the effecte of the mean wind acting on the air-
craft longitudinal drag parameter. For the study of independent thrust.-
vectbor control the rate-of-change of thrust-vector angle was treated as a
parameter (Section III.A.G.).

B, Characteristics of the Flight Simulator Controls

A conventionel floor-mounted control stick ! .he cyelic pitch control
stick of the S-61) was used for sbttitude control. It was used without a
force gradient and the inherent friction present was negligible. The full
longitudinal and lateral travels of the control stick were *6.63 in. and
£6,50 in., respectively. For height control, a conventional, rloor-mounted
helicopter-type collective control with adjustable fricticn was used
(7.5 in. total travel). The rudder pedals (¢3.2 in. total travel) Tor
vaw control did not have a force gradient arnd the inherent friction was
negligible. An on-off thumb-.switch control waes also used to command a
fixed rate-of-change of thrust-vector angle (5 deg/sec). For the study cf
independent-thrust-vector control (Secticn IIL.A.6.) different communded
raves-of~change were considered. Alsc, for one part of that study the
thumb switch was used 4o control pitch attitude and the cyelic stick con-
trolled thrust-vector angle (Section ITI.A.6.).

C. Flight Simuiator Motion Washout System

A schemstic flow diagram forr the motion washout interface between he
sinulated V/STOL aircraft movion (from the eguabtions of motion implemented
on an anelog computer) and the coumanded flight simusator motion is shown
in Fig. F-1. This washout system insures thabt the flight simumlator remains
within its mobion limits. The cheracteristics of the washout system have
veen tailored as much as possible to the freguency response features of the
human vestibular system (Ref. 11). First-order roll-offs (20 dB/decude)
are used to attenuste the low-frequercy fiight simulator attitude motion.
This roll-off al low frequencies is similexr to the frequency response of
the attitude motion sensors in the vestibular system (the semi-circular
canals). Second-crder roll-offs are used for the translational motion.
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Crossfeeds between low-frequencdy longitudindl and lateral accelerstions and
pitch and rolli attitude, respcctively, are used lo simulate these accelera- ‘
tions with components of the earth's gravity vector. Because of this feature
these low-frequency sircraft accelerations are also subtractéd from the simu-
lator translatiorel motion commands. A more complete description of the :
washout system is conbained in Ref. 11.
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